A Study of Homogeneous Hydrogenation of CO2 to Formic Acid and Formic Acid Dehydrogenation by Wang, Z
  
 
 
 
 
 
 
A Study of Homogeneous Hydrogenation of CO2 to  
Formic Acid and Formic Acid Dehydrogenation  
 
 
 
Thesis submitted in accordance with the requirements of the  
University of Liverpool for the degree of Doctor in Philosophy 
 
By 
 
Zhijun Wang 
 
May 2016 
 
 
  
 
  
I 
 
ACKNOWLEDGEMENTS 
Foremost, I would like to express my sincere gratitude to my advisor Prof. 
Jianliang Xiao for the continuous support of my Ph. D study and research, for his 
patience, motivation, enthusiasm, and immense knowledge. His guidance helped 
me in all the time of research and writing of this thesis. I could not have imagined 
having a better advisor and mentor for my Ph. D study. 
My sincere thanks also go to my co-advisor Prof. Can Li from Dalian Institute 
of Chemical Physics (DICP), who has enlightened me the first glance of research. 
I am grateful for his support, encouragement, insightful discussions and advice. I 
truly feel privileged to be a member of his group.    
Besides my advisors, I would like to particularly thank Dr. Shengmei Lu from 
DICP for her selfless help and for the stimulating discussions. In addition, her 
beautiful personality has influenced me in many ways. I would like to show my 
gratitude to Dr. Xin Zhou who worked in DICP previously for her kind help on 
computational studies. I also thank Dr. Chao Wang from Shaanxi Normal Univer-
sity for his help on thesis preparation. 
It is hard to thank everyone who helped me and describe all the moments that 
touched me deeply in such a limited page, but still I would like to thank my fellow 
labmates in Xiao group: Dr. Xiaofeng Wu, Dr. Jianjun Wu, Dr. Jen Smith, Dr. 
Jonathan Barnard, Dr. Weijun Tang, Dr. Ho Yin Li, Dr. Angela Gonzalez de Castro, 
Dr. Dinesh Talwar, Edward Booth, Thomas White and Ziyu Wang, for the experi-
mental help in lab, for the helpful discussions and suggestions, for the time we 
worked together and for all the fun we have had in the past years. Also I thank my 
labmates and friends in Can Li group: Dr. Jun Li, Dr. Yan Liu, Dr. Chunmei Ding, 
Dr. Rengui Li, Dr. Jijie Wang, Dr. Jingxiu Yang, Dr. Wengang Guo, Mingpan 
II 
 
Cheng, Bao Zhang, Ping Cheng, Bo Yuan, Ping Chen and Xianghui Liu. 
Thanks to all the staff and technicians in the chemistry department of Universi-
ty of Liverpool and DICP, who have helped me a lot both at work and in personal 
life. 
Last but not least, I would like to thank my family for their endless love and 
support, without which I wouldn’t have achieved anything. I am grateful to have 
Xinchun Mao as my best friend and partner who helped me enormously. 
 
 
 
 
  
III 
 
ABSTRACT 
The concentration of CO2 in the atmosphere continues to increase due to an es-
calating rate of fossil fuel combustion, causing ever mounting concern about cli-
mate change. Meanwhile CO2 is an abundant, safe and renewable C1 source. Thus 
transformation of CO2 to value-added chemicals is of great significance and has 
been extensively investigated in the past decades. Homogeneous hydrogenation of 
CO2 to formic acid (FA) especially has drawn significant attention, not only be-
cause FA itself has various applications including FA fuel cell, but also because 
FA can be a good hydrogen storage medium. The hydrogenation of CO2 using 
such as solar-generated H2 to produce FA, which is readily transportable, and the 
dehydrogenation of FA to release H2 provide a decent strategy for hydrogen stor-
age via CO2 recycling. 
However, it remains a challenge for the efficient hydrogenation of CO2 to FA 
and FA dehydrogenation under mild conditions, especially for the aqueous phase 
reaction. Bearing these in mind, this work focus on the development of homoge-
neous catalysts for this reversible transformation and the main results are summa-
rized as follows: 
1. Cyclometallated [IrCp*(N^C)Cl] complexes (N^C = 2-aryl imidazoline ligand) 
have been synthesized as the catalyst for the homogeneous hydrogenation of CO2 
to formate, and satisfactory reactivity (TOF: 57330 h
-1，TON: 102200) was 
achieved at 80 
o
C in a mixture solution of MeOH/H2O. Water has been found to 
play an important role in this reaction and the catalysts with hydrophilic ligands 
show much higher activity in the hydrogenation of CO2 than those with hydro-
phobic ligands.  
IV 
 
2. Considering the electronic property of the ligand and catalyst water solubility, 
water-soluble iridium complexes [IrCp*(N,N’)Cl]Cl bearing conjugated 
N,N’-diimine ligands were subsequently synthesized and applied to CO2 hydro-
genation. This catalyst is capable of efficiently hydrogenating CO2 to produce FA 
directly in water without any additives under mild reaction conditions. At 80 
o
C, 
the reaction turnover frequency (TOF) exceeds 13000 h
-1
 at 5.0 MPa of H2/CO2 
(1:1).  
3. FA dehydrogenation to H2 and CO2 is studied using the iridium catalyst 
[IrCp*(N,N’)Cl]Cl in water without any additives, affording a TOF of 487500 h-1 
at 90 
o
C and a turnover number (TON) of 2400000 with in situ prepared catalyst 
at 80 
o
C, the highest values reported for FA dehydrogenation to date. 
4. In addition, the FA dehydrogenation is shown to be catalyzed by [RhCp*Cl2]2 
in the FA/NEt3 azeotrope and is found to be accelerated by the addition of simple 
halide ions, especially I
-
. 
Key words: CO2 hydrogenation, formic acid, formic acid dehydrogenation, irid-
ium catalysts, homogeneous catalysis 
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1.1 Current Research Status of CO2 Chemistry 
The global atmospheric CO2 level has been increasing continuously since the in-
dustrial revolution in the 19
th
 century due to the excessive consumption of fossil 
fuel (coal, petroleum, natural gas), which has disequilibrated the natural carbon 
cycle. The concentration of CO2 in the atmosphere has reached unprecedented 
level of over 400 ppm recently (Scheme 1.1) from 280 ppm when it was before 
the year 1800,
[1]
 causing ever increasing concern about climate change as CO2 is 
one of the main green-house gases. 
 
Scheme 1.1 Atmosphere CO2 concentration during the past 50 years. Copyright: Scripps In-
stitution of Oceanography, UC San Diego. 
Currently, there are mainly two strategies to cut down CO2 emissions: on the 
one hand, the CO2 capture and storage (CCS) as well as the utilization of CO2 as a 
renewable and environmentally friendly source of carbon can directly reduce the 
atmospheric CO2 concentration;
[2-5]
 on the other hand, improving the energy utili-
zation efficiency and developing sustainable clean energy such as hydrogen can 
ultimately reduce the CO2 emissions.
[6-8]
 Both have become hot research topics 
and have been intensively studied. At present, the large-scale CO2 capture tech-
nology is growing mature at the main energy and chemical industry points,
[9]
 and 
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the subsequent processing of CO2 for utilization has become the key step. CO2 can 
be utilized physically and chemically. For the physical utilization, besides the CO2 
storage process, it can be used as an oil displacement agent and a green extraction 
solvent at its supercritical phase, and in food industry and agriculture. However, 
these processes only recycle the CO2 instead of diminishing it, especially consid-
ering the tremendous CO2 emission per year, and thus can’t fundamentally solve 
the CO2 problems. 
The chemical utilizations of CO2 focus on the conversion of CO2 to val-
ue-added chemicals and fuels that will not only reduce CO2 emissions in areas 
where geologic storage may not be an optimal solution but also replace fossil 
source with CO2 as an abundant, non-toxic, cheap, environmentally benign and 
renewable C1 resource, thus enabling CO2 into the carbon cycle rather than an 
increasing waste. 
 
Scheme 1.2 Transformations of utilizing CO2 as alternatives to petrochemicals (Taken 
from ref. 10). 
As shown in Scheme 1.2, the chemical utilization of CO2 mainly includes two 
fashions distinguished by the oxidation state of carbon. Firstly, the CO2 recycling 
approaches don’t involve the change of the central carbon’s oxidation state and no 
                                                                       Chapter 1 
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related energy storage process occurs. Examples are the synthesis of urea, car-
bonates, and poly/cyclic-carbonates from CO2.
[4, 11-14]
 Secondly, the CO2 reduction 
approaches refer to the stepwise hydrogenation of CO2 to formic acid, formalde-
hyde, methanol, methane and their derivatives such as polyols, carboxylic acids, 
amides, esters and ethers.
[15, 16]
 During the reduction process, the oxidation state of 
central carbon decreases, realizing energy storage. The CO2 reduction not only 
offers a convenient synthesis strategy utilizing CO2 as building block but also has 
great significance from the viewpoint of sustainable fuel production; thus it has 
gained more and more attention during the past decades. 
CO2 reduction is generally difficult because CO2 possesses the highest oxida-
tion state of carbon, and is thermodynamically stable and kinetically inert. The 
standard formation heat of CO2 is -394.38 kJ/mol, and the C=O bond energy is 
749 kJ/mol. Therefore the reactions that generate reduced forms of CO2 always 
require energy input and oxygen acceptors,
[16-22]
 such as H2, silane, borane and  
carbanion, etc. Because H2 can be easily obtained from water nowadays and the 
corresponding reduction process gives varieties of valuable products without gen-
erating much waste, the CO2 hydrogenation technology has become one of the 
core technologies of CO2 reduction and has been widely studied. 
1.2 Recent Development on Homogeneous Hydrogenation of CO2 
to Formic Acid/Formate 
Formic acid (FA) is the main product in homogeneous hydrogenation of CO2. 
Only a few examples give CO, methanol and even methane as products; but the 
reactivity and selectivity are low.
[23-25]
 Hydrogenation of CO2 to FA is endergonic 
in the gas phase (eqn. 1.1), but exergonic in the aqueous phase (eqn. 1.2); thus 
solvent affects this reaction greatly. For instance, this reaction has been investi-
                                                                       Chapter 1 
5 
 
gated in a wide variety of organic solvents, ionic liquids, water and supercritical 
CO2. Moreover, most of the currently reported homogeneous catalytic systems 
need the addition of base to enhance the productivity because base can consume 
the generated FA and thus shift the equilibrium forward (eqn. 1.3). 
 CO2 (g) + H2(g) ⇌ HCOOH (l)                  (1.1) 
∆Gθ = 32.8 kJ/mol 
  CO2 (aq) + H2(aq)⇌ HCOOH (l)                  (1.2) 
∆Gθ = - 4 kJ/mol 
            CO2 (aq) + H2(aq) + NH3(aq) ⇌ HCOO
-(aq) + NH4
+(aq)       (1.3) 
∆Gθ = - 35.4 kJ/mol 
The synthesis of FA/formate by the hydrogenation of CO2 was first discovered 
by Farlow and Adkins in 1935 using Raney nickel as the catalyst.
[26]
 The first ho-
mogeneously catalyzed example was reported by Inoue et al. in 1976.
[27]
 Exten-
sive studies have been done afterwards to develop catalysts based on Rh, Ru, Pd, 
Ir, Fe, Co complexes and so on, for the hydrogenation of CO2 to FA. The catalytic 
metal center, along with the coordinating ligands which could regulate the elec-
tronic and steric structure of the metal center, determines the reactivity and selec-
tivity of the hydrogenation of CO2. Ligands shown to be active towards the hy-
drogenation of CO2 include phosphine ligands, pincer type ligands (PNP, PCP, 
PNN, etc.), N-heterocyclic carbene ligands and N,N-chelated ligands (pyridine 
and pyrimidine derivatives). The resulting state-of-the-art homogeneous catalyst 
systems developed during the past decades have been adequately summarized in 
the literature.
[17]
 Several reports have stated that catalysts with electron donating 
ligand are beneficial for the hydrogenation of CO2.
[28-30]
 But beyond that, there’s 
no rule to follow with respect to the influence of ligand structures on th e 
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Table 1.1 Hydrogenation of CO2 to formate/FA
a 
Catalyst precursor Solvent Additive 
P(H2/CO2) 
/MPa 
T 
/°C 
Time
/h 
TON 
TOFb 
/h-1 
Ref 
RuH2(PPh3)4 C6H6 NEt3/H2O 2.5/2.5 rt 20 87 4 27 
Co(P1)2H THF 
Verkade’s 
base 
0.05/0.05 21 <1 2000 3400 31 
RuH(Cl)(CO)(P2) DMF DBU 3/1 120   1100000 32 
RuH2(PMe3)4 scCO2 NEt3 8.5/12 50  3700 1400 40 
RuCl2(PMe3)4 scCO2 NEt3 8.5/12 50  7200 1040 41 
[Rh(cod)(methallyl)]/ 
PBu4tppms 
scCO2  
EMIM 
HCO2 
5/5 50 20 1970 >295 43 
RhCl(tppts)3 H2O NHMe2 2/2 rt 12 3440 290 44 
[RuCl2(tppms)2]2 H2O NaHCO3 6/3.5 80 0.03  9600 46 
RuCl2(PTA)4 H2O NaHCO3 6/0 80   345 49 
IrH3(P3) H2O/THF KOH 4/4 200 2 300000 150000 52 
IrH3(P3) H2O/THF KOH 4/4 120 48 3500000 73000 52 
IrH3(P4) H2O KOH 2.8/2.8 185 24 348000 14500 57 
FeH2(CO)(P2) H2O/THF NaOH 0.67/0.33 80 5 790 156 58 
IrI2(AcO)(bis-NHC) H2O KOH 3/3 200 75 190000 2500 59 
[Cp*Ir(6DHBP)(OH2)]
2+ H2O KHCO3 0.5/0.5 120 8 12 500 (25200) 30 
[Cp*Ir(6DHBP)(OH2)]
2+ H2O NaHCO3 0.05/0.05 25 33 330 (27) 30 
[(Cp*IrCl)2(THBPM)]
2+ H2O KHCO3 0.05/0.05 25 336 7200 (65) 67 
[(Cp*IrCl)2(THBPM)]
2+ H2O KHCO3 2/2 50 8 153000 (15700) 67 
[Cp*Ir(N2)(OH2)]
2+ H2O KHCO3 0.05/0.05 25 24 190 65 69 
[Cp*Ir(N2)(OH2)]
2+ H2O NaHCO3 0.5/0.5 50 24 28000 (3060) 69 
[Rh(NBD)(PMe2Ph)3] 
BF4 
wet THF - 4.6/4.6 40 72  2.7 72 
[(Cp*Ir(4,4’-OMe-bpy) 
(OH2)]
2+ 
citrate 
buffer 
- 5.5/2.5 40   27 74 
RuCl2(PTA)4 H2O - 15/5 60  74  75 
RuCl2(PTA)4 DMSO - 15/5 40  749  75 
a: 
Insignificant digits are rounded;  
b:
 The data in the parentheses are initial TOFs. 
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hydrogenation activity, with each type of the above mentioned ligands showing 
good examples of hydrogenation at certain reaction conditions. 
For industrial production, which is the long-term goal of CO2 hydrogenation 
research, mild reaction conditions, simple catalytic systems and green solvents are 
always desired. Thus this section will focus on the recent development on homo-
geneous hydrogenation of CO2 to FA/formate, highlighting the most efficient cat-
alytic systems under typical reaction conditions (Table 1.1), e.g. 
non-aqueous/aqueous systems and basic/base-free reaction systems. 
1.2.1 Hydrogenation of CO2 to formate in organic solvent 
In most of the currently reported homogeneous catalyst systems, base is needed to 
enhance the hydrogenation of CO2 to formate because: i) base consumes the gen-
erated FA and thus thermodynamically shifts the equilibrium forward; ii) base has 
been found to accelerate the H2 heterolysis during the catalytic cycle, therefore 
kinetically promoting the catalytic activity. 
The landmark work by Inoue et al. in 1976 using triphenylphosphine (PPh3) 
complexes of Ru, Rh, Ir, etc., created the new research field of homogeneous hy-
drogenation of CO2 to FA.
[27]
 The reaction was carried out using a mixture of 2.5 
MPa CO2 and 2.5 MPa H2 in benzene containing a catalyst, a small amount of 
water and a base (amine) at room temperature, and a turnover frequency (TOF) of 
4 h
-1
 and turnover number (TON) of 87 after 20 h were obtained.  
In 2013, Linehan et al. reported a Co complex, Co(dmpe)2H (dmpe: 
1,2-bis(dimethylphosphino)-ethane, P1, Scheme 1.3), for the hydrogenation of 
CO2 in THF.
[31]
 In the presence of a very strong base, Verkade’s base, at room 
temperature, the high TOFs of 3400 h
−1
 and 74000 h
−1
 were achieved under 0.1 
MPa and 2.0 MPa of CO2/H2 (1:1), respectively. One drawback of this catalytic 
reaction is the requirement of Verkade’s base (pKa = 33.6) for regeneration of 
                                                                       Chapter 1 
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Co(dmpe)2H from [Co(dmpe)2(H)2]
+
. 
 
Scheme 1.3 Examples of the phosphine and pincer ligands used for the hydrogenation of CO2 
Very recently, Pidko et al. developed a highly stable temperature-switchable 
Ru-based system for the reversible hydrogenation of CO2 that exhibits unprece-
dented rates for H2 loading and release under mild conditions.
[32]
 Using DMF as a 
solvent, DBU as a base at 120 °C and 4.0 MPa H2/CO2 (3/1), the Ru-PNP com-
plex [RuH(Cl)(CO)(P2)] (P2, Scheme 1.3) provided a TOF as high as 1100000 h
−1
, 
which represents one of the highest values reported to date. Based on the kinetic 
studies (Scheme 1.4), CO2 insertion (a-H to a*-HCOO) is postulated to be the 
rate determining step (RDS), which implies that the strength of the base promoter 
does not influence the reaction rate but it has a substantial effect on the reaction 
thermodynamics. 
 
Scheme 1.4 Proposed catalytic cycle for the hydrogenation of CO2 with Ru-PNP catalyst 
(Based on ref. 32). 
                                                                       Chapter 1 
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Moreover, other catalytic systems have also been reported for CO2 hydrogena-
tion to formate in organic solvents like DMSO, methanol, toluene, diglyme, and 
ethanol.
[33-39]
 
1.2.2 Hydrogenation of CO2 to FA/formate using scCO2 as solvent 
Supercritical CO2 (scCO2) could act as both reactant and solvent, and leads to 
better mass transport and heat transfer properties as well as high solubility of H2. 
  In the 1990’s, Noyori and Jessop et al. carried out the hydrogenation of CO2 in 
scCO2 mainly using ruthenium phosphine complexes as catalyst, and the reaction 
needs additives such as amine and methanol.
[40]
 Later, Jessop et al. developed a 
remarkable catalytic system with [RuCl(OAc)(PMe3)4] (TOF up to 95000 h
−1
) in 
scCO2.
[41]
 The study also revealed an accelerating effect on the rate of the hydro-
genation reaction by utilizing appropriate amine and alcohol adducts. While Lewis 
bases are required for formate generation by CO2 hydrogenation, the role of alco-
hol is not well-known. Alcohols may not generate carbonic acids, but it could be 
involved as a proton donor and hydrogen-bond donor.
[41, 42]
 
In 2012, Leitner et al. proposed a new concept that applies continuous-flow hy-
drogenation of scCO2 to produce pure formic acid in a single process unit as 
shown in Scheme 1.5.
[43]
 They first identified a suitable combination of catalysts 
and ionic liquid (IL) matrices in batch reactions using triethylamine (NEt3) as base 
and IL as the stationary phase, and achieved high initial TOF using a ruthenium 
catalyst [Ru(cod)(methallyl)2]/PBu4TPPMS (cod = 1,5-cyclooctadiene, TPPMS = 
monosulfonated triphenylphosphine). When using IL1 containing intrinsic anion 
basicity as the liquid phase, a TON of 1970 and a TOF of 295 h
−1
 were obtained in 
a continuous-flow system. FA extraction from the nonvolatile 
amine-functionalized IL was found to be the limiting factor under the continu-
ous-flow conditions. Anyhow, free FA can be collected via the integrated product 
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separation, which is eventually required for most applications. 
 
Scheme 1.5 Process for the direct continuous-flow hydrogenation of CO2 to free FA based on 
a two-phase system (Redraw from ref. 43). 
1.2.3 Aqueous hydrogenation of CO2 to formate 
As a green solvent, water has been explored as solvent for various catalytic reac-
tions. In particular, aqueous phase hydrogenation of CO2 has been explored exten-
sively, and sometimes the limitation is the solubility of catalyst in water.  
In 1993, Leitner et al. first reported water-soluble rhodium-phosphine com-
plexes that can catalyze the hydrogenation of CO2 to formate in water/amine 
mixtures. Among the catalysts examined, RhCl(tppts)3 (tppts: 
tris(3-sulfonatophenyl)phosphine) exhibited a high TON of 3440 at room temper-
ature and 4.0 MPa of H2/CO2.
[44] Later Joó et al. carried out the hydrogenation 
reaction in aqueous solutions with inorganic base, such as NaHCO3, using a series 
of rhodium and ruthenium complexes including [RuCl2(tppms)2]2 (tppms: 
3-sulfonatophenyldiphenylphosphine), [RhCl(tppms)3], and [RuCl2(PTA)4] (PTA: 
1,3,5-triaza-7-phosphaadamantane).
 [45-48]
  
Laurenczy et al. reported reaction mechanisms of iridium and ruthenium cata-
lysts incorporating the water-soluble PTA ligand.
[49-51]
 They demonstrated the 
formation of [η6-(C6H6)RuH(PTA)2]
+
 as the major hydride species, and proposed a 
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mechanism involving hydride transfer to bicarbonate as shown in Scheme 1.6. 
TOFs of 237 and 409 h
−1
 were obtained at 70 and 80 °C, respectively, with 10.0 
MPa of H2 and 1 M HCO3
−
.
[50] 
 
Scheme 1.6 Possible catalyst and substrate interaction during the hydrogenation of HCO3
− 
in 
aqueous solution (Taken from ref. 50). 
In 2009, Nozaki and co-workers synthesized a new Ir(III) trihydride complex 
bearing a PNP pincer ligand, [IrH3(P3)] (P3, Scheme 1.3), for CO2 hydrogenation 
in basic aqueous solution, and achieved the highest activity to that date at high 
temperature and high pressure.
[52, 53] 
The use of THF as a co-solvent was neces-
sary due to the low water solubility of the complex. This catalyst exhibited a TOF 
of 150000 h
−1
 at 200 °C and a TON of 3500000 at 120 °C over a period of 48 h 
under 8 MPa of H2/CO2 (1/1) in H2O/THF (5/1).
 
This excellent catalytic perfor-
mance soon attracted considerable attention, and led to related research, including 
the previously mentioned Pidko’s work. Pincer ligands are known as multi-dentate 
ligands that strongly bind to a metal center preventing dissociation of the ligand 
from the metal.
[54-56]
 The idea that an alkylphosphine-based pincer ligand would 
be an efficient electron donor may be beneficial for the hydrogenation of CO2. 
Another inspiration comes to the importance of ligand tautomerization, e.g. the 
aromatization/dearomatization of the pincer ligand in Nozaki’s work. 
In 2011, Hazari and co-workers reported an air-stable, water-soluble catalyst, 
[IrH3(P4)] (P4, Scheme 1.3), for the hydrogenation of CO2.
[57]
 The iridium com-
plex contains an NH group in the secondary coordination sphere.
 
This hydrogen 
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bond donor, upon reaction with CO2, facilitated the formation of the stable com-
plex [Ir(OCHO)(H)2(P4)] (Scheme 1.7), which was effective for CO2 hydrogena-
tion with a maximum TON of 348000 and TOF up to 18780 h
−1
. Their DFT cal-
culations indicated that CO2 insertion was more thermodynamically favorable by 
means of stabilization of an N−H−O hydrogen bond through an outer-sphere in-
teraction. 
 
Scheme 1.7 Proposed mechanism for CO2 hydrogenation using IrH3(P4). (Taken from ref.
 
57) 
With regard to using an earth-abundant metal instead of a noble transition metal 
with a pincer ligand, Milstein and coworkers focused attention on the active iron 
complex trans-[FeH2(CO)(P2)] (P2, Scheme 1.3) which was capable of hydrogen-
ating CO2 with a TON of up to 790 and a TOF of up to 160 h
−1
 at 80 °C under low 
pressure (0.6−1.0 MPa) in H2O/THF (10/1).
[58]
 
Peris et al. performed extensive studies of water-soluble Ru and Ir complexes 
using bis-NHC (N-heterocyclic carbenes) ligands (Scheme 1.8).
[59-61]
 A high TON 
of 190000 was achieved with complex [IrI2(AcO)(bis-NHC)] (Scheme 1.8, right), 
at 200 °C under 6.0 MPa of H2/CO2 (1/1) in 75 h. Chelating-NHC ligands can 
impart a high thermal stability to the metal complexes and lead to high catalytic 
activity of the complex due to their electron donor character. Incorporating sul-
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fonate or hydroxy substituents into the carbon side chains improves the water 
solubility of the complexes, and their catalytic performance for the aqueous hy-
drogenation of CO2 was considerably improved.  
 
Scheme 1.8 Peris’s NHC complexes for CO2 hydrogenation in water
[59-61]
 
In the last decade, Himeda’s group has published elegant work on aqueous hy-
drogenation of CO2 using molecular complexes with aromatic N,N’-chelated lig-
ands. Inspired by the idea of electron-donating ligand being beneficial for CO2 
hydrogenation, they designed and synthesized a series of half-sandwich complex-
es [(CnMen)M(4,4-R2-bpy)Cl]
+
 (n = 5, 6; M = Ir, Rh, Ru; R = OH, OMe, Me, H; 
bpy = bipyridine) by introducing different electron-donating groups to the bpy 
ligand of the prototype catalyst [(CnMen)M(bpy)Cl]Cl, and applied them for the 
hydrogenation reaction.
[62-65]
 The proton-responsive hydroxy-substituted bpy lig-
ands are deprotonated upon increasing the solution pH beyond pH 5 to 6.
[65]
 
Deprotonation of the OH group (σp+ = −0.92) generates a much stronger oxyanion 
electron donor (σp+ = −2.30) because of the effect of its ―keto‖ resonance struc-
ture (Scheme 1.9).  
 
 Scheme 1.9 Acid−base equilibrium between hydroxy form and oxyanion form, and the res-
onance structures of oxyanion form (Taken from ref. 63). 
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The Hammett plots show a good correlation between the initial TOFs and the 
σp
+
 values of the substituents for the Ir, Rh, and Ru complexes (Scheme 1.10). The 
initial TOF of 5100 h
−1
 of the hydroxyl substituted complex [Cp*Ir(4DHBP)Cl]Cl 
(4DHBP, Scheme 1.11) is over 1000 times higher than that of the unsubstituted 
analogue [Cp*Ir(bpy)Cl]Cl (4.7 h
−1
) under the same conditions (80 °C, 1.0 MPa, 
CO2/H2 = 1), further demonstrating the importance of electron-donating ligand. A 
high TOF of 42000 h
−1
 and TON of 190000 using [Cp*Ir(4DHBP)Cl]Cl was ob-
tained at 120 °C and 6.0 MPa. This catalyst even converts CO2 to formate at am-
bient temperature (25 °C) and pressure (0.1 MPa) in 1 M NaHCO3 aqueous solu-
tion with the TOF of 7 h
−1
. 
 
Scheme 1.10 Correlation between initial TOFs and σp
+
 values of substituents (R) for CO2 hy-
drogenation: M = Ir (○), Rh (●), Ru (■) (Taken from ref. 63). 
The Fukuzumi group also reported a proton-responsive catalyst 
[Cp*Ir(N1)(OH2)]
+
 (N1, Scheme 1.11) that efficiently produces formate in 2.0 M 
KHCO3 aqueous solution (pH 8.8) with the TOF of 6.8 h
−1
 and TON of 100 (20 h) 
at 30 °C and 0.1 MPa of H2.
[66]
 While most catalysts required some pressure of 
CO2 in basic aqueous solution, this complex can hydrogenate HCO3
−
. 
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Scheme 1.11 Proton-responsive ligands used for CO2 hydrogenation
 
In the context of constructing a second-coordination-sphere effective ligand, 
which is inspired by the hydrogen bond in hydrogenase, the collaboration between 
the Himeda and Fujita groups has led to a series of half-sandwich IrCp* com-
plexes with ligands including nDHBP, THBPM, N2 (n = 3-6, Scheme 1.11) as 
catalysts for CO2 hydrogenation and FA dehydrogenation under mild conditions in 
water. The bioinspired complexes [Cp*Ir(6DHBP)(OH2)]
2+
, [Cp*Ir(N2)(OH2)]
2+
, 
and [(Cp*IrCl)2(THBPM)]
2+
 bearing pendant OH groups exhibit significantly im-
proved catalytic activity in CO2 hydrogenation (Table 1.1).
[30, 62, 65, 67-71] 
During their investigation, they found that [Cp*Ir(6DHBP)(OH2)]
2+
 (TOF: 
8050 h
−1
) showed much higher activity than [Cp*Ir(4DHBP)(OH2)]
2+
 (TOF: 5100 
h
−1
) under the same conditions. Because the electron-donating ability of the hy-
droxyl group at the para and ortho positions should be similar, Himeda et al. pro-
posed that the additional rate enhancement arises from the proximity of the hy-
droxyl groups in 6DHBP to the metal center and a possible cooperative effect in 
the activation of the substrate. Experimental and computational studies on the re-
action mechanism indicate that the heterolysis of H2 is the RDS and the adjacent 
oxyanions, formed from deprotonated hydroxyl groups under basic conditions, act 
as pendant bases and assist the heterolysis of H2 (Scheme 1.12, A to D). The cal-
culations also suggested that CO2 insertion into the Ir-H bond is stabilized by a 
weak hydrogen bond between the hydrido ligand and deprotonated pendant base 
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(Scheme 1.12, E). 
 
Scheme 1.12 Proposed mechanism for the CO2 hydrogenation by [Cp*Ir(6DHBP)(OH2)]
2+
. 
Computed free energies at pH 8.3 are indicated in units of kJ mol
-1
 relative to 1M A in aque-
ous solution and 0.1 MPa H2 and CO2 gases. The calculated change in free energy around the 
cycle is -42.0 kJ mol
-1
 (Redraw from ref. 30). 
1.2.4 Hydrogenation of CO2 to FA 
Base is needed in most of the currently reported catalyst systems. On the contrary, 
without adding base, hydrogenating CO2 will produce FA directly and few cata-
lytic systems are found to be effective. 
In 1992, Nicholas et al. reported that the complex [Rh(NBD)(PMe2Ph)3]BF4 
(NBD: norbornadiene) serves as a precatalyst for the hydrogenation of CO2 to FA 
at moderate temperatures in THF solution, however with TON of only 
10-60/day.
[72]
  
Ogo and Fukuzumi et al. proposed that between pH 6-9 the real substrate for 
the hydrogenation reaction was not CO2 but bicarbonate ion (HCO3
-
), because 
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CO2 dissolved in H2O shows pH-dependent equilibrium between HCO3
−
 (pKa1 = 
6.35 at 25 
o
C) and CO3
2−
 (pKa2 = 10.33) (Scheme 1.13). They performed the CO2 
hydrogenation in an acidic buffer (pH = 3) using the bipyridine-derived aqua irid-
ium/ruthenium complexes as catalysts, and were able to achieve FA without add-
ing base, with best TOF of 27 h
-1
 at 40 
o
C and 8.0 MPa.
[73, 74]
 
 
Scheme 1.13 CO2 hydrolysis in water
[73]
 
In 2014, Laurenczy et al. described the direct hydrogenation of CO2 into FA 
using RuCl2(PTA)4 (PTA = 1,3,5-triaza-7-phosphaadamantane) as catalyst, in 
aqueous solution and in DMSO without any additives.
[75]
 In water, at 40 
o
C, 0.2 M 
FA can be obtained under 20 MPa; however, in DMSO the same catalyst affords 
1.9 M FA. In both solvents the catalysts can be reused multiple times without a 
decrease in activity. 
1.3 Brief Introduction of Hydrogen Energy 
As mentioned in Section 1.1, a second strategy to reduce the atmospheric CO2 
content is using renewable energy source. Moreover, it is probably the final solu-
tion for both the energy crisis and environmental problem human beings are cur-
rently facing. Hydrogen is an ideal candidate as an energy carrier for mobile fuel 
cell applications, as it does not have any adverse effects on the environment, and 
is thus expected to be a promising energy vector for the near future. Nowadays, 
solar-generation of hydrogen is being intensely studied, e.g. photocatalysis hy-
drogen production 
[76-79]
 and electrolysis of water.
[80-83]
 
Despite the potential for production of solar-generated hydrogen, the problems 
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of storage and transport is often considered to be a bottleneck for realization of the 
hydrogen economy. Among different hydrogen storage material systems, hydro-
gen adsorption on porous materials, including carbonaceous materials, zeolites, 
and metal-organic frameworks, yields low hydrogen uptake per unit of weight in 
ambient conditions.
[84-88]
 Meanwhile, metal hydrides systems suffer from high 
weight and cost concerns; moreover, high temperatures are often required to re-
lease hydrogen.
[89-93]
 Thus the search for safe and effective liquid-phase hydrogen 
storage material, e.g. ammonia borane, hydrous hydrazine, cycloalkanes, nitro-
gen-substituted heterocycles, methanol and formic acid, is receiving much atten-
tion.
[94]
  
Therefore, among the value-added products of CO2 reduction, FA is of great 
significance for it can also be employed as hydrogen carrier (Scheme 1.14). Alt-
hough theoretically FA is not a perfect hydrogen storage medium due to its rela-
tively small hydrogen content (4.4 wt %), it is currently still one of the best 
among liquid storage and transport media for H2 due to its non-toxicity and excel-
lent stability.  
 
Scheme 1.14 Demonstration of hydrogen energy storage using FA 
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1.4 Recent Development on Homogeneous FA Dehydrogenation  
In a typical hydrogen storage system using FA as the hydrogen storage material, 
the dehydrogenation of FA is indispensible as a companion reaction to CO2 hy-
drogenation.
[95, 96]
 The decomposition of FA has been reported with both homoge-
neous 
[67, 97-102]
 and heterogeneous catalysts.
[103, 104]
 The heterogeneous decompo-
sition of FA usually requires high temperature, and thus loses reaction selectivity 
and causes CO contamination by FA dehydration (eqn. 1.4), which is poisonous to 
the catalyst in the proton exchange membrane (PEM). For practical utilization, the 
CO content is generally required to be less than 10 ppm. Compared with the het-
erogeneous dehydrogenation of FA, homogeneous catalysis of FA dehydrogena-
tion has been less studied, although FA has been widely used as a hydrogen donor 
in transfer hydrogenation in the field of organic synthesis.
[105-107]
 After the pio-
neering work on FA dehydrogenation using homogeneous catalysts was reported 
by Coffey in 1967,
[108]
 which gave TOF and TON of 8900 h
-1
 and 11000 for FA 
dehydrogenation in acetic acid using IrH3(PPh3)3 as catalyst, not much research 
interest in this research topic was attracted.
[18]
 However in the past several years, 
the discovery of highly active homogeneous catalysts for FA dehydrogenation 
under mild conditions has stimulated renewed interest in FA as an H2 carrier.  
FA dehydration: 
HCO2H (aq) ⇌  CO (g) + H2O (g);   ∆G
θ = -12.4 kJ/mol    (1.4) 
FA dehydrogenation: 
HCO2H (aq) ⇌  CO2(g) + H2(g); ∆G
θ = -32.8 kJ/mol     (1.5) 
In this section, recent progress on FA dehydrogenation will be introduced, high-
lighting the most efficient catalytic systems under various reaction conditions. 
Although the dehydrogenation of FA is thermodynamically favorable (eqn. 1.5), 
the addition of base or other additives is widely employed. Since FA dehydro-
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genation is the reverse reaction of the hydrogenation of CO2, a catalyst could be 
effective to both reactions and this section is relevant to section 1.2.   
1.4.1 FA dehydrogenation in organic solution with additives 
In 2008, Beller et al. reported the dehydrogenation of a FA/triethylamine 
(FA/Et3N) azeotropic mixture, which evolved H2 and CO2 exclusively, using ru-
thenium-based catalysts with triphenylphosphine-type ligands.
[109]
 The high initial 
TOF of 2700 h
−1
 (initial 20 min) and a TON of 890 (2 h) at 40 °C were obtained 
with the commercially available ruthenium complex [RuCl2(PPh3)3]. The effects 
of different phosphine ligands, amines, and ruthenium complexes on catalytic ac-
tivity and durability were then investigated,
[110]
 and a better combination of 
[RuCl2(C6H6)]2 with a bidentate phosphine ligand P5 (Scheme 1.3) was identified. 
Because the presence of an amine is beneficial for hydrogen production, loss of 
the amine by volatilization led to a decrease in reaction rate. Thus using a less 
volatile amine, DMOA (dimethyloctylamine), resulted in the highest TON of 
1000000 for 1080 h at 25 °C.
[111]
 During the course of the reaction, the CO con-
centration did not exceed 2 ppm. 
Later, based on this catalytic system, Wills reported dehydrogenation of 
FA/amine mixtures with [RuCl2(DMSO)4].
[112, 113]
 Although CO (190−440 ppm) 
was detected by GC, a high TOF of 18 000 h
−1
 was observed at 120 °C. They also 
reported long-term operation under continuous flow conditions. Gas production 
rates as high as 1.5 L min
−1
 and total gas production of 462 L were obtained dur-
ing 6 h. 
Milstein et al. applied iron-based PNP pincer complex [(P2)Fe(H)2(CO)] (P2, 
Scheme 1.3) as catalysts for the dehydrogenation of FA.
[114]
 The reaction in diox-
ane in the presence of 50 mol % Et3N at 40 °C led to a total TON of 100000 in 10 
days. The poor activity in water is likely due to the low solubility of the catalyst. 
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Table 1.2 Dehydrogenation of formate/FA
a
 
Catalyst precursor Solvent Additive T/°C Time TON 
Initial 
TOF/h-1 
COb/ 
ppm 
Ref 
IrH3(PPh3)3 AcOH  118  >11000 8900 n.d. 108 
[RuCl2(PPh3)3] DMF NEt3 40 2 h 890 2700 n.d. 109 
[RuCl2(C6H6)]2/dppe  DMOA 25 45 d 1000000 1000 <2 111 
RuCl2(DMSO)4  NEt3 120 >2.5 h 25000 18000 200 112 
[(P2)Fe(H)2(CO)] dioxane NEt3 40 10 d 100000  650 114 
 
THF NEt3 65 1 h 2200 5200 n.d. 115 
 
 NEt3 40   147000 n.d. 116 
[RuH(Cl)(CO)(P2)] DMF NEt3 90 2 h 326500 257000 n.d. 32 
 DMF NEt3 90 2 h 1060000 250000 n.d. 32 
 
dioxane LiBF4 80 9.5 h 984000 197000 <0.5% 117 
Fe(BF4)2/PP3 
Propylene 
carbonate 
 80 19 h 92400 9425 <20 118 
 
dioxane  85 <10 m >250 3300 (<10) 120 
[Ru(OH2)6](tos)2/ 
tppts 
H2O HCO2Na 120 90 h >40000 460 n.d. 122 
[Cp*Ir(OH2)(bpm)Ru 
(bpy)2](SO4) 
H2O HCO2Na 25 20 m 140 430 n.d. 125 
[Cp*Ir(OH2)(N1) H2O HCO2K 25 10 m  1880 n.d. 66 
[(Cp*IrCl2)(THBPM)]
2+ H2O HCO2Na 90 7 h 165000 228000 n.d. 67 
[Cp*Ir(4DHBP)Cl]+ H2O  90 1.5 h 14000  n.d. 127 
[(Cp*IrCl2)(THBPM)]
2+ H2O  60 4 h 20000 12000 n.d. 67 
 
H2O  80 0.5 h 34000 10000 n.d. 128 
a: 
Insignificant digits are rounded;  
b:
 n.d.: not detected (or not reported) 
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Berben et al. reported that aluminum pincer complexes with 
the-phenyl-substituted bis(imino)pyridine (
Ph
I2P) ligands showed the high initial 
TOF of 5200 h
−1
 in Et3N/THF at 65 °C without CO production.
[115]
 They charac-
terized each of the elementary steps in the catalytic cycle. The complex 
(
Ph
I2P)Al(THF)H reacted with 3 equiv. of HCO2H to afford the doubly protonated 
species as a resting state. They proposed that the β-hydride elimination from the 
doubly protonated form affords an Al−H intermediate, which smoothly releases 
H2 upon protonation (Scheme 1.15). 
 
Scheme 1.15 Proposed mechanism for FA dehydrogenation by (
Ph
I2P)Al(THF)H (based on ref. 
115) 
In 2013, our group (Xiao) reported that the N^C cyclometallated iridium(III) 
complexes derived from 2-aryl imidazoline ligands were found to be excellent 
catalysts for the decomposition of FA together with NEt3 to give H2 and CO2 un-
der mild conditions with no CO formation.
[116]
 The fine tuning of catalyst struc-
ture led to a high TOF of 147000 h
-1
 at 40 °C. The presence of the remote γ-NH 
unit in the ligand was shown to be essential for catalytic activity, without which 
no reaction occurs. Mechanistic studies suggest that the dehydrogenation is 
rate-limited by the step of hydride protonation, which is made feasible by the 
γ-NH unit on the imidazoline ring via an unusual form of long-range metal–ligand 
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bifunctional catalysis involving FA-assisted proton hopping (Scheme 1.16). 
 
Scheme 1.16 Proposed catalytic cycle for the dehydrogenation of HCO2H (Taken from ref. 
116).
 
As mentioned previously, the PNP-pincer complex [RuH(Cl)(CO)(P2)] report-
ed by the Pidko group is highly active for CO2 hydrogenation as well as the FA 
dehydrogenation in DMF/Et3N. A high TOF of 257000 h
−1
 and TON of 1063000 
(for 5 h) were achieved with continuous addition of FA at 90 °C in separate ex-
periments.
[32]
 The loss of volatile Et3N at 90 °C is a major problem for this sys-
tem.  
Hazari and Schneider et al. reported Lewis acid (LA) assisted FA dehydrogena-
tion catalyzed by iron-based PNP pincer complexes [(
R
PN
H
P)Fe(CO)H(Cl)] 
(
R
PN
H
P = HN[CH2CH2(PR2)]2; R = 
i
Pr or Cy, Scheme 1.17) in dioxane without 
the need for an external base.
[117]
 The presence of LA cocatalysts provided the 
high TOF of 196700 h
−1
 and TON of 1000000 in 9.5 h in dioxane at 80 °C. Un-
fortunately, CO (less than 0.5%) was detected in the produced gas mixture. 
Scheme 1.17 shows the LA assisted decarboxylation of a key iron formate inter-
mediate. 
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Scheme 1.17 Proposed pathway for decarboxylation in the absence (a) and presence (b) of a 
LA. (Redraw from ref. 117) 
1.4.2 FA dehydrogenation in organic solution without additives 
In 2011, Beller et al. reported an active iron catalyst system for the liberation of 
H2 from FA. Applying 0.005 mole % of Fe(BF4)2·6H2O and P(CH2CH2PPh2)3 to a 
solution of FA in propylene carbonate, with no further additives or base, affords 
TOF up to 9425 per hour and a TON of more than 92000 at 80°C.
[118]
 Subse-
quently, they reported the results of a detailed investigation of the effect of various 
ligands, metal salts, solvent, and additives (e.g., chloride, fluoride, formate).
[119]
 
The addition of water resulted in a decrease in catalytic activity. 
Reek et al. reported the base-free FA dehydrogenation using an iridium com-
plex bearing a phosphine-functionalized sulfonamide (bisMETAMORPhos) lig-
and, the anionic form of which can function as an internal base.
[120, 121]
  The sys-
tem produced CO-free H2 with the TOF of 3270 h
−1
 in dioxane at 85 °C. The ini-
tial Ir(I) complex underwent a slow proton transfer from the neutral ligand arm to 
the metal, resulting in the formation of the active Ir(III)−H complex (Scheme 
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1.18). The bifunctional ligand allowed the direct hydride transfer from FA to the Ir 
center rather than the common β-hydride elimination. It also facilitated the release 
of hydrogen (Scheme 1.19). 
 
Scheme 1.18 Formation of active species for complex Ir(bisMETAMORPhos) via internal 
proton transfer. (Redraw from ref. 120) 
 
Scheme 1.19 Proposed mechanism for the cooperative dehydrogenation of FA. (Redraw from 
ref. 120) 
1.4.3 Aqueous dehydrogenation of FA with additives 
In 2008, Laurenczy et al. reported an aqueous system of HCO2H/HCO2Na for FA 
dehydrogenation using a ruthenium catalyst with a water-soluble phosphine ligand, 
for example, tppts (tris(3-sulfonatophenyl)phosohine).
[122, 123] 
The TOF of 460 h
−1
 
was observed at 120 °C without the use of an organic amine, but instead a small 
amount of HCO2Na was used for the activation of the catalyst. Constant hydrogen 
generation with total TON > 40000 was achieved by continuous addition of FA. 
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The Fukuzumi group has made early effort on aqueous dehydrogenation of FA 
using water soluble iridium/ruthenium complexes. In 2008, they reported FA de-
hydrogenation with half-sandwich complexes bearing bidentate 2,2’-bipyridine 
derivatives.
[124]
 With the addition of HCO2Na, the system gave a TON of 30 in 2 h 
at pH 3.8 and 20 °C. They also reported a water soluble heterodinuclear iridi-
um−ruthenium complex [Cp*Ir(OH2)(bpm)Ru(bpy)2](SO4)2 (bpm: 
2,2’-bipyrimidine), which gave an initial TOF of 426 h−1 at room temperature in 
HCO2H/HCO2Na (pH 3.8).
[125]
 More recently, they demonstrated the dehydro-
genation of FA using a C,N-cyclometalated iridium complex bearing a pro-
ton-responsive carboxylic acid (N1, Scheme 1.11), which was also applied for the 
hydrogenation of CO2 as previously mentioned, and a maximum TOF of 1880 h
−1
 
was obtained at pH 2.8 and 25 °C.
[66]
 
The iridium complexes with aromatic N,N’ ligands developed based on the col-
laboration between the Himeda and Fujita groups not only catalyze the hydro-
genation of CO2 as described in section 1.2, but also are effective catalysts for the 
dehydrogenation of FA.
[67, 126]
 [(Cp*IrCl)2(THBPM)]
2+
 catalyses the release of H2 
and CO2 (1:1) from aqueous HCO2H/HCO2Na mixture with a TOF of 228000 h
-1
 
at 90 °C and TON of 308000 at 80 °C, the highest TOF and TON reported by 
then.
[67]
  
1.4.4 Aqueous dehydrogenation of FA without additives 
In 2009, Himeda demonstrated the efficient evolution of CO-free hydrogen by the 
decomposition of FA using an iridium catalyst with 4DHBP (Scheme 1.11) as a 
ligand in H2O.
[127]
 A high catalytic activity (TOF: 14000 h
-1
 at 90 °C) and an al-
most complete consumption of FA were obtained without any additives. Further-
more, it was found that hydrogen could be generated even at elevated pressures. 
The iridium catalyst [(Cp*IrCl)2(THBPM)]
2+
 reported by Hull, Himeda and Fu-
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jita et al. can also dehydrogenate FA in water without the addition of base, albeit 
giving a lower TOF of 12000 h
-1
 at 60 °C.
[67]
  
In 2014, Wang, Himeda and coworkers reported an iridium-biimidazole com-
plex for the FA dehydrogenation, giving a TOF of 34000 h
-1
 at 80 °C, which was 
the highest TOF reported for FA dehydrogenation in water without bases or addi-
tives by then.
[128]
  
1.5 Conclusions and Objectives of This Thesis 
1.5.1 Literature summary 
Homogeneous hydrogenation of CO2 to FA/formate and the dehydrogenation of 
FA/formate have been explored for decades, and they are gaining more and more 
attention from the beginning of this century due to both energy and environmental 
concerns. Because the hydrogenation of CO2 is reversible, generally a catalyst 
which is effective for CO2 hydrogenation can also catalyze the dehydrogenation of 
FA, although it may be more effective for one direction than the other.
[32, 66, 67, 129, 
130]
 
Dozens of homogeneous catalyst systems based on metal complexes of Ir, Ru, 
Rh, Fe, Co, etc. have appeared for CO2 hydrogenation and FA dehydrogenation, 
and the catalytic reactivity has been improved dramatically. For example, as de-
scribed in section 1.2.3, Nozaki and co-workers reported the iridium trihydride 
complex [IrH3(P3)] for CO2 hydrogenation to exhibit a TOF of 150000 h
−1
 at 
200 °C and a TON of 3500000 at 120°C over a period of 48 h under 8.0 MPa of 
H2/CO2 (1/1) in H2O/THF (5/1). Pidko et al. reported that [RuH(Cl)(CO)(P2)] 
provided a TOF as high as 1100000 h
−1
 for the hydrogenation of CO2 in DMF us-
ing DBU as a base at 120 °C and 4.0 MPa of H2/CO2 (3/1). For the dehydrogena-
tion of FA/formate, Pidko’s catalyst [RuH(Cl)(CO)(P2)] also gives a high TOF of 
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257000 h
−1
 and TON of 1063000 (for 5 h) at 90 °C in DMF/ Et3N. These reports 
represented the best results by the time the objective of this thesis was set and 
some remain the highest to date.  
The above mentioned results have been obtained in organic solvents. Other 
groups, like those of Laurenczy, Beller, Fukuzumi, Himeda and Fujita, have made 
effort to accomplish the hydrogenation of CO2 and FA dehydrogenation in more 
environmentally benign solution, i.e. water, under milder conditions, and good 
reactivity has been achieved. Particularly, Fujita et al. reported the pH sensitive 
iridium complex [(Cp*IrCl)2(THBPM)]
2+
 for this reversible reaction with re-
markable TONs and TOFs. At high pH (2 M KHCO3), CO2 hydrogenation rates of 
70 h
-1
 (25 °C and 0.1 MPa) and 53800 h
-1
 (80 °C and 5.0 MPa) were observed. At 
low pH, [(Cp*IrCl)2(THBPM)]
2+
 can decompose FA or formate to give CO-free 
H2 and CO2, and a high TOF of 228000 h
-1
 at 90 °C and TON of 308000 at 80 °C 
were obtained in 1M HCO2H/HCO2Na (1:1, pH 3.5). 
Apart from the solvent problem, both CO2 hydrogenation and FA dehydrogena-
tion frequently rely on the addition of additives, such as bases and LA, which is 
against the principle of atom economy. The drawbacks of these catalytic systems 
are obvious: i) the employment of ungreen organic solvents; ii) the cost due to the 
addition of additives and product separation. At present, only a few catalytic sys-
tems have been reported to be active for CO2 hydrogenation and FA dehydrogena-
tion in water without bases or additives.
[67, 73-75, 127, 128] 
However, the reactivity is 
rather low. 
1.5.2 Thesis objectives 
From the viewpoint of practical application, simple and highly effective catalytic 
system is always desired. However there’s still a great gap between lab research 
and industry production and the development of efficient homogeneous catalyst 
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remains necessary and challenging. Targeting at the current problems, the main 
objective of this thesis is to develop efficient homogeneous catalyst systems for 
the hydrogenation of CO2 to FA and the FA dehydrogenation under mild and en-
vironmentally benign conditions. The key issue is the catalyst development and 
especially the design of ligands, which involves several factors, such as electronic 
property and water solubility, etc. 
Based on the literature research and our group’s previous work on hydrogena-
tion/transfer-hydrogenation (Xiao),
[116, 131-134]
 this thesis focuses on the homoge-
neous catalytic hydrogenation of CO2 and FA dehydrogenation using different 
metal complexes, and the study is carried out in the following aspects: 
(1) Chapter 2 reports homogeneous hydrogenation of CO2 to formate catalyzed by 
N^C cyclometallated half-sandwich iridium catalysts; 
(2) In chapter 3, new ligand type is exploited and base-free aqueous hydrogena-
tion of CO2 has been realized using iridium catalysts with non-aromatic N,N’ 
diimine ligands; 
(3) Chapter 4 applies this Ir-N,N’ diimine catalyst to the FA dehydrogenation, and 
delightfully the highest TOF and TON values ever reported under similar con-
ditions were achieved; 
(4) Chapter 5 presents the study of FA dehydrogenation using commercially 
available catalyst [RhCp*Cl2]2 in the presence of simple halide ions. 
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Chapter 2 Hydrogenation of CO2 to Formate Catalyzed by 
Cyclometallated Ir-N^C Complexes 
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2.1 Introduction 
Homogeneous hydrogenation of CO2 into formate/FA is an ideal way to utilize 
CO2 and to store H2; but it has been a long-standing challenge for the activation of 
CO2. In CO2 molecule, the C=O bond length is around 116.3 pm, which falls in 
between the C=O bond in carbonyl compounds of ca 123 pm and the triple C≡O 
bond of 112.8 pm. Thus CO2 has partial triple bond character and is difficult to be 
activated. The catalyst library for the homogeneous hydrogenation of CO2 to for-
mate has been growing progressively since the first one, [RhCl(PPh3)3], was re-
ported in 1976 by Inoue et al.
[27]
 Dozens of transition-metal complexes based on 
ruthenium,
[40-42, 75]
 rhodium,
[72, 135]
 iridium,
[30, 52, 57, 62, 70, 136] 
ion,
[35, 58, 137]
 cobalt
[31, 
36]
 and nickel
[138]
 have been reported to exhibit activity for this reaction. However 
most of these catalyst systems show high activity only at harsh conditions such as 
high temperature and high pressure, which is unfavorable from the practical point 
of view. A number of catalysts can work under mild conditions but with moderate 
reactivity.
[30-32, 45, 69, 73, 74, 135]
 For example, Fujita et al. reported a dinuclear iridium 
complex with a bipyrimidine ligand for CO2 hydrogenation to formate, giving a 
TOF of 15700 h
-1
 and a TON of 153000 at 50 
o
C under the pressure of 4.0 MPa in 
2 M KHCO3 aqueous solution.
[67]
 Therefore, developing catalysts for mild and 
efficient hydrogenation of CO2 to formate is still challenging. 
In the early years, the research of Jessop and Sakaki et al. had indicated that the 
strong electron-donating ability of the ligand, e.g. phosphine ligands, leads to high 
activity of such a complex in CO2 hydrogenation.
[28, 29] 
A few more reports sub-
sequently followed. Peris et al. performed CO2 hydrogenation using water-soluble 
Ru and Ir complexes bearing bis-NHC (N-heterocyclic carbenes) ligands, and 
high catalytic activity was obtained due to the electron donor character of the 
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NHC ligand.
[61]
 Himeda and Fujita et al. reported a series of half-sandwich iridi-
um bipyridine complexes [Cp*Ir(4,4’-(R)2-bpy)(OH2)]SO4 and 
[Cp*Ir(6,6’-(R)2-bpy)(OH2)]SO4 (R = OH, OMe, Me, H) by introducing different 
electron-donating groups to the bpy ligand. For the hydrogenation of CO2 using 
these complexes as catalyst, they also found that stronger electron-donating sub-
stituents lead to higher reaction rates.
[63]
 
N^C cyclometallated metal complexes have been shown to be excellent cata-
lysts for the reduction of C=O bond.
[139, 140]
 The Xiao group has been working on 
hydrogenation/transfer hydrogenation for many years, and have reported that N^C 
cyclometallated [Cp*IrCl] imido complexes derived from acetophenone imines 
are exceptionally active catalysts for the reduction of imines.
[131-134]
 The N^C bi-
dentate ligand is expected to be more electron-donating compared with the bipyri-
dine type N^N ligand; thus the N^C cyclometallated [Cp*IrCl] complex could be 
effective catalyst for the hydrogenation of CO2.   
More importantly, inspired by the hydrogenation/transfer hydrogenation work 
and the observation of gas evolution during the transfer hydrogenation reaction 
using the 5:2 FA/Et3N azeotrope (F/T) as hydrogen source with the cyclometal-
lated iridium complex, the Xiao group has designed a type of N^C cyclometallat-
ed iridium(Ⅲ) complexes bearing phenylimidazoline ligands and found that they 
are excellent catalysts for the dehydrogenation of FA,
[116]
 giving TOF of up to 
147000 h
-1
 at 40 
o
C in F/T azeotrope. These results prompted us to investigate the 
hydrogenation of CO2 using this type of cyclometallated iridium complexes. 
2.2 Hydrogenation of CO2 to Formate with Ir-N^C Complex 
2.2.1 Initial catalyst screening 
The CO2 hydrogenation work started from screening of iridium catalysts formed 
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from [IrCp*Cl2]2 and phenylimidazoline-type ligands, complexes 1-7, which have 
been used for FA dehydrogenation
[116]
 and transfer hydrogenation
[141]
 previously. 
The hydrogenation reactions were carried out in a KOH/MeOH solution at 4.5 
MPa of CO2/H2 (2:1) and 80 
o
C for 16 h, and the results are summarized in 
Scheme 2.1. 
1
H NMR spectra confirmed the product to be potassium formate ex-
clusively (Appendix, Scheme A.1). The amount of produced formate was deter-
mined by 
1
H NMR using sodium p-toluenesulfonate as internal standard (Appen-
dix, Scheme A.1). 
Under the given reaction conditions, no reactivity was detected without catalyst. 
The iridium dimer [IrCp*Cl2]2 itself hardly shows any activity (TON = 6, Scheme 
2.1) for the hydrogenation of CO2, which indicates the importance of the ligand, 
comparing with complexes 1-7.  
 
Scheme 2.1 Hydrogenation of CO2 using N^C cyclometallated iridium complexes 1-7. 
Reaction conditions: complex 1-7 (3.0 μmol), 1.0 M KOH MeOH solution (10.0 mL), 4.5 
MPa CO2/H2 (1:2), 80 
o
C, 16 h. Reactions were carried out in a stainless steel autoclave (100 
mL) with a glass inner. 
a:
5.0 μmol of [IrCp*Cl2]2. 
Ligand structure influences the catalytic activity greatly. Complexes 1-3 gave 
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TONs of 1587, 476, and 1302, respectively, for the hydrogenation of CO2 to for-
mate. Changing the imidazoline ring of the 2-imidazolinyl ligand in complex 1 to 
the oxazoline ring (precatalyst 2) and replacing the NH proton in the 
2-imidazolinyl ligand with acetyl group (precatalyst 3) both led to less active cat-
alysts, suggesting that the γ-NH unit on the N^C ligand facilitates this reaction. It 
is noteworthy that complexes 2 and 3 both show no reactivity towards FA dehy-
drogenation,
[116]
 whilst they can hydrogenate CO2. This result implies that the CO2 
hydrogenation reaction and FA dehydrogenation reaction may undergo different 
reaction pathways using these cyclometallated Ir-N^C catalysts, especially con-
sidering the huge difference in reaction conditions, or the former is easier to occur. 
By introducing bulky substituents onto the ligand, complex 4 shows increased 
TON (2210) compared with 1, which is consistent with the FA dehydrogenation 
result.
[116]
 Complex 5 with electron withdrawing group on the phenyl ring and 
complex 6 with electron donating group on the phenyl ring both increase the reac-
tivity, giving TONs of 2987 and 2442, respectively. These results indicate that the 
substituent’s electron property doesn’t influence the reaction rate in a simple way 
or it may have no influence at all, which is unexpected. One possible explanation 
is that the substituent on the phenyl ring is not much involved in the HO-
MO/LUMO of the iridium complex (vide infra). When complex 7 with three 
methoxy groups on the ligand was applied for the hydrogenation of CO2, a much 
higher TON of 3330 was obtained. The following reaction condition optimizations 
were performed using complex 7 as catalyst.   
2.2.2 Optimization of reaction conditions 
The reaction was studied under various reaction times, and Scheme 2.2 shows that 
the reaction rate slows down in about 6 h. Thus for experimental convenience, the 
subsequent hydrogenation reactions were conducted either for 6 h or 16 h.  
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Scheme 2.2 Formate production from CO2 hydrogenation at different reaction time. 
Reaction conditions: complex 7 (3.0 μmol), 1.0 M KOH/MeOH solution (10.0 mL), 4.5 MPa 
CO2/H2 (1:2), 80 
o
C. Reactions were carried out in a stainless steel autoclave (100 mL) with a 
glass inner. 
Table 2.1 Base screening for the hydrogenation of CO2 to formate
a
 
Entry Base (2 M) Solution Formate (mmol) TON 
1 LiOH MeOH 10.0 mL 10.20 3399 
2 NaOH MeOH 10.0 mL 13.35 4450 
3 KOH MeOH 10.0 mL 12.76 4255 
4 CsOH MeOH 6.5 mL + H2O 3.5 mL 19.64 6545 
5 KOH MeOH 6.5 mL + H2O 3.5 mL 16.50 5500 
a:
 Reaction conditions: complex 7 (3.0 μmol), 4.5 MPa CO2/H2 (1:2), 80 
o
C, 6 h. Reactions 
were carried out in a stainless steel autoclave (100 mL) with a glass inner. 
Different bases (2 M) were then screened for the iridium catalyzed CO2 hydro-
genation as shown in Table 2.1. Entries 1-3 show the superior performance of 
NaOH (TON: 4450) and KOH (TON: 4255) compared with LiOH (TON: 3399). 
Since CsOH was purchased as a water solution, the hydrogenation reaction was 
conducted in a mixture solution of water and methanol. The TON further in-
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creased to 6545 and the reaction approached approximately full conversion in 
terms of the amount of base used (Table 2.1, entry 4). The higher TON could be 
due to water playing some role in this reaction. When again using KOH as the 
base, a TON of 5500 (Table 2.1, entry 5) was attained in the mixture solution of 
MeOH/H2O (6.5/3.5 mL), which is higher than that of the reaction carried out in 
pure methanol. Thus the impact of water on the hydrogenation reaction was inves-
tigated next.  
With different volume ratios of MeOH/H2O (total 10.0 mL), the hydrogenation 
of CO2 was studied using complex 7 and the cheaper base KOH. The catalyst 
loading was lowered to 0.5 μmol to avoid high conversion. As displayed in 
Scheme 2.3, the TON for formate generation varies greatly with different ratios of 
MeOH/H2O, with TON reaching the highest value (29325) when the ratio is 
around 1:1. 
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Scheme 2.3 TON of formate production from CO2 hydrogenation in MeOH/H2O solution. 
Reaction Conditions: complex 7 (0.5 μmol), 1.0 M KOH/MeOH/H2O mixture solution (total 
volume 10.0 mL), 4.5 MPa CO2/H2 (1:2), 80 
o
C, 16 h. Reactions were carried out in a stain-
less steel autoclave (100 mL) with a glass inner. 
The effect of water in homogeneous hydrogenation of CO2 has been noted and 
                                                                        Chapter 2 
37 
 
investigated.
[18, 27, 28, 75, 142]
 In organic solvents, small amount of added water can 
enhance the reaction rates,
[72]
 and its function was assumed to be stabilizing the 
transition state through an H-bonding interaction between the coordinated water 
molecule and the oxygen of the approaching CO2 in the insertion step of CO2 to 
metal hydride. In basic aqueous solution, a kinetic isotopic effect (KIE) study with 
a proton-responsive iridium complex for CO2 hydrogenation to formate demon-
strates the involvement of water in the rate-determining step to accelerate the het-
erolysis of H2.
[69]
 Thus the hydrogenation of CO2 may be more favorable in water. 
However these cyclometallated Ir-N^C complexes are not soluble in water. Effort 
was subsequently made to increase the water solubility of catalysts and more 
studies were performed. 
2.2.3 Further development of catalyst 
In the MeOH/H2O (1:1) mixture solution of KOH, some previously screened 
complexes and newly developed catalysts were tested again for CO2 hydrogena-
tion reaction, but at a lower temperature of 40 
o
C (Scheme 2.4). 
1
H NMR spectra 
also confirmed the product to be potassium formate exclusively (Appendix, 
Scheme A.2). The amount of produced formate was detected by ion chromatog-
raphy and no reactivity was detected without catalyst. In this section, TOF was 
adopted to describe the activity of the catalysts. 
Complexes 1-3 and 10 give TOFs of 650 h
-1
, 360 h
-1
, 250 h
-1
 and 140 h
-1
, re-
spectively. Moreover, replacing the NH proton in the 2-imidazolinyl ligand with 
either electron withdrawing acetyl group (precatalyst 3) or electron donating me-
thyl group (precatalyst 10) both led to less active catalysts compared with com-
plex 1. The conclusion is similar as discussed in section 2.2.1, which is that the 
γ-NH unit on the N^C ligand shows its superiority for this reaction but is not in-
dispensible.  
                                                                        Chapter 2 
38 
 
 
Scheme 2.4 Hydrogenation of CO2 using cyclometallated Ir-N^C complexes 1-6 and 8-10. 
Reaction conditions: 0.2 μmol of complex, 1.0 M KOH/MeOH/H2O (1:1) solution (10.0 mL), 
5.0 MPa CO2/H2 (1:1), 40 
o
C, 1 h. Reactions were carried out in a stainless steel autoclave 
(300 mL) with a glass inner. 
Under such reaction conditions, complexes 4-6 show better performance than 1, 
giving TOFs of 1130 h
-1
, 3230 h
-1
 and 4110 h
-1
, respectively. This TOF difference 
also suggests that no unambiguous conclusion can be drawn concerning the rela-
tionship between the electronic property of substituent and the catalytic reactivity. 
Noteworthy is that, the TOF value of 4110 h
-1
 obtained with complex 6 bearing a 
relatively hydrophilic methoxy group on the ligand is considerably higher than 
that of complex 5, in the mixture solution of MeOH/H2O, encouraging us to in-
corporate hydrophilic ligand into the cyclometallated Ir-N^C complexes. 
Since water as solvent plays an important role in this reaction and these com-
plexes are water-insoluble, complex 8 and 9 based on the backbone of complex 6 
were designed to investigate the ligand hydrophilicity effect on reactivity. Com-
plex 8 and 9 were synthesized using the same method as complex 6, and each of 
them consists of two inseparable regioisomers, 8a/8b and 9a/9b, resulting from 
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the competing cyclometallation of the C2 and C4 phenyl rings in the 
NaOAc-mediated cyclometallation reaction (Scheme 2.5; for characterizations, 
see experimental section). As expected, complex 8 with a poly ethylene glycol 
type substituent (-O(CH2CH2O)2CH3) on the cyclometallated aryl ring shows a 
higher TOF of 5720 h
-1
 compared with complex 6. In contrast, complex 9 with a 
long alkyl chain (-O(CH2)17CH3) on the cyclometallated aryl ring hardly shows 
any activity under the otherwise identical conditions. These results indicate that 
catalyst with hydrophilic ligand show better catalytic activity than catalyst with 
hydrophobic ligand. 
 
Scheme 2.5 Synthesis of complex 8 and 9 
The reason for the significant difference in catalytic activity for CO2 hydro-
genation between 8 and 9 was further investigated. 
1
H NMR results show a small 
composition difference between complexes 8 and 9 (8a:8b = 1.5:1，9a:9b = 1.3:1), 
which is not likely to cause such great difference in catalytic activity. 
Scheme 2.6 shows the UV-Vis absorption spectra of complex 6, 8 and 9 as well 
as their parent ligands L6, L8 and L9. The resemblance of the absorption curves 
among the three complexes suggests the similarity of their electronic properties.  
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Scheme 2.6 UV-Vis absorption spectra of complex 6, 8, 9 and ligands L6, L8, L9 (50 mM) in 
CH2Cl2 (DCM) 
 
Scheme 2.7 HOMO (-1) and LUMO (+1) models of complex 6, 8 and 9. 
The calculations were performed with the GAUSSIAN09 package.
[143]
 The Becke three pa-
rameters hybrid functional with the Lee-Yang-Parr correlation functional (B3LYP) was cho-
sen for taking into account the exchange and correlation effects of electrons, and the 
6-31+G(d) basis set was used for all the atoms.
[144, 145]
 The contours of frontier molecular or-
bitals are visualized with GaussView software.
[146]
 The calculation was performed by Dr./Prof. 
Xin Zhou. 
HOMO 
LUMO 
HOMO-1 
LUMO+1 
6 8 9 
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The DFT calculation (Scheme 2.7) results also show that the -OMe, 
-O(CH2CH2O)2CH3 and -O(CH2)17CH3 substituents on the cyclometallated aryl 
ring of complex 6, 8 and 9 are not much involved in the HOMO or LUMO of 
these molecules. In addition, the frontier orbitals of these complexes are similar in 
shape. These results indicate that the huge difference in CO2 hydrogenation activ-
ity between 8 and 9 is not likely due to the electronic effect of the ligand. 
Meanwhile, the hydrophilicity of complex 8 and 9 was tested by means of the 
contact angle measurement. The water contact angle for complex 8 is 80.97
o
, 
while the value for complex 9 is 123.4
o
 (Scheme 2.8), showing that complex 8 is 
more hydrophilic than complex 9. Thus a hydrophilic ligand is likely beneficial 
for this reaction under the given reaction conditions. 
 
Scheme 2.8 Water contact angle measurement demonstration for 8 (left) and 9 (right). 
During the initial reaction conditions screening, solvent composition was found 
to affect the reactivity to a great extent. As displayed in Scheme 2.9, using com-
plex 8 as catalyst, the TOF for formate generation obtained in a mixture solution 
of MeOH/H2O shows a similar trend, with TOF reaching the highest value (8140 
h
-1
, 60 
o
C) when the amount of methanol and water is equal. As discussed in sec-
tion 2.2.2, this reaction is favorable in water and this result might be a compro-
mise of the reactivity and the solubility of the catalyst.  
                                                                        Chapter 2 
42 
 
0 20 40 60 80 100
0
2000
4000
6000
8000
 
 
T
O
F
 (
h
-1
)
H
2
O%
 
Scheme 2.9 Hydrogenation of CO2 with different MeOH/H2O ratios. 
Reaction conditions: complex 8 (0.2 μmol), 2.0 M KOH/MeOH/H2O solution (10.0 mL), 5 
MPa CO2/H2 (1:1), 60 
o
C, 1 h. Reactions were carried out in glass vials placed in a stainless 
steel autoclave. 
Table 2.2 Hydrogenation of CO2 in co-solvent: H2O (1:1) solution
 
Entry co-solvent formate (mmol) TON/TOF 
1 MeOH 1.14 5720 
2
a
 DMF 3.50 1750
 
3 THF 0.02 100 
4 DMSO 0 0 
5 Ethylene glycol 0.61 3050 
6
b
 DMF 3.15 - 
7
b 
MeOH 0 0 
General reaction conditions: complex 8 (0.2 μmol), co-solvent/H2O (1:1) solution (10.0 mL), 
1.0 M KOH, 5 MPa CO2/H2 (1:1), 40 
o
C, 1 h. TOF value is the rate for the initial 1 h; thus 
TON and TOF have the same values here. 
a: 
TON/TOF value was obtained with blank reaction 
result deducted (refer to 
b
).
 b: 
Reaction carried out without catalyst - blank reaction． 
In addition, this reaction was also conducted in mixtures of water and other 
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co-solvents (Table 2.2). Reactions in tetrahydrofuran (THF), dimethylformamide 
(DMF), dimethylsulfoxide (DMSO) and ethylene glycol (MW = 200) all show 
lower activities compared with MeOH. 
Table 2.3 Hydrogenation of CO2 in MeOH:H2O (1:1) under various reaction conditions 
Entry P(CO2)/P (H2) (MPa) T (
o
C) Initial TOF
 
(h
-1
)
 
1 2.5/2.5 20 780 
2 2.5/2.5 30 1960 
3 2.5/2.5 40 5720 
4 2.0/3.0 40 5640 
5 3.0/2.0 40 5140 
Reaction conditions: complex 8 (0.2 μmol), MeOH/H2O (1:1) solution (10.0 mL), 1.0 M 
KOH, 1 h. TOF value is calculated using the first 1 h data. 
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Figure 2.10 Arrhenius plot of formate producing rate for the hydrogenation of CO2. 
Reaction conditions: complex 8 (0.2 μmol), MeOH/H2O (1:1) solution (10.0 mL), 1.0 M 
KOH, 5 MPa CO2/H2 (1:1), 20, 30, 40 
o
C, 1 h. Reactions were carried out in a stainless steel 
autoclave (300 mL) with a glass inner. 
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The catalytic hydrogenation of CO2 to formate using complex 8 was investi-
gated under various conditions. The rate for CO2 hydrogenation increases with 
temperature rise (Table 2.3, entry 1-3). The temperature dependence of initial 
TOFs follows the Arrhenius equation (Scheme 2.10) and the estimated apparent 
activation energy (Ea) for CO2 hydrogenation is 76 kJ•mol
-1
, which is in the range 
of noble metal catalyzed CO2 hydrogenation reactions.
[30, 49]
 Changes in the ratio 
of CO2:H2 from 1:1 to 2:3 and 3:2 result in a slight decrease in reactivity (Table 3, 
entries 3-5). 
Table 2.4 Hydrogenation of CO2 in MeOH:H2O (1:1) solution 
Entry 
Solvent 
(mL) 
T 
(
o
C) 
Time 
(h) 
TON 
 
Initial TOF
 
(h
-1
) 
Final [formate] 
(M) 
1 10 40 1  5720  
2
 
50 40 0.5 4910 9820
a
  
3 50 40 14 59420  0.24 
4
b
 20 40 20 3503  0.70 
5
c 
40 80 1  57330  
6
c,d 
40 80 12.5 102200  0.26 
Reaction conditions: complex 8 (0.2 μmol), 1.0 M KOH/MeOH/H2O (1:1) solution, 5.0 MPa 
CO2/H2 (1:1). TOF value is calculated using the first 1 h data. 
a: 
TOF value is calculated using 
the 0.5 h data. 
b:
 4.0 μmol of complex 8, 2.0 M KOH, 20.0 mL reaction solution. 
c: 
2.0 M 
KOH. 
d: 
0.1 μmol of complex 8. Entries 1-4: Reactions were carried out in a stainless steel 
autoclave (300 mL) with a glass inner. Entries 5, 6: Reactions were carried out in a stainless 
steel autoclave (300 mL) without glass inner and negligible amount of formate was detected 
without catalyst. 
When the reaction solution was expanded to 50 mL, a higher initial TOF of 
9820 h
-1
 was obtained at 40 
o
C and the turnover number reached 59420 after 14 
hours (Table 2.4, entry 2, 3). Using 4.0 μmol of complex 8 at 40 oC, the final con-
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centration of formate reached 0.7 M (Table 2.4, entry 4). When the temperature 
was increased to 80 
o
C, the initial TOF increased to 57330 h
-1 
(entry 5), and a 
TON of 102200 was obtained after 12.5 h (Table 2.4, entry 6). These results are 
comparable with the highest reactivity reported under similar mild conditions.
[67] 
2.3 Summary 
In summary, the cyclometallated Ir-N^C complexes show good performance for 
CO2 hydrogenation to formate, extending the ligand type that could be used for 
the hydrogenation of CO2 to FA/formate.  
During the catalyst screening and reaction conditions optimization, it was found 
that the hydrogenation of CO2 with the phenylimidazoline-type cyclometallated 
Ir-N^C complexes shows faster rates in a MeOH/H2O (around 1:1) mixture solu-
tion than in pure solvent, and the catalyst bearing more hydrophilic ligand (com-
plex 8) is remarkably effective for this reaction compared with catalyst containing 
hydrophobic ligand (complex 9). Using 0.2 μmol of complex 8, a TOF of 9820 h-1 
was obtained at 40
 o
C under a total pressure of 5.0 MPa, and the TON could reach 
102200 when temperature increased to 80 
o
C. 
However, the attempt to synthesize more water-soluble cyclometallated Ir-N^C 
complexes (Scheme 2.11) failed; thus the organic solvent-free hydrogenation of 
CO2 under mild conditions couldn’t be fully achieved with this type of catalyst. 
 
Scheme 2.11 Idea of synthesizing more water-soluble cyclometallated Ir-N^C complex 
These complexes are of great significance not only for they can convert CO2 
into formate, but also because they provides a potential way for hydrogen storage 
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considering their excellent performance towards dehydrogenation of FA to give 
hydrogen under mild conditions. 
2.4 Experimental Section 
2.4.1 General information 
Instruments: NMR spectra were recorded on a Bruker Avance-400 spectrometer. 
The concentration of formate was measured by SHINEHA CIC-100 ion chro-
matograph with Shodex IC SI-52 4E column using Na2CO3 solution (3.6 mM) as 
the eluent. HRMS data were obtained from a Finnigan MAT 95 system. UV-Vis 
absorption spectra were recorded with SHIMADZU UV-2550. Contact angle 
measurement was performed by the Energy Research Resources Division of Da-
lian National Laboratory for Clean Energy. X-ray diffraction analysis was per-
formed by the State Key Laboratory of Organometallic Chemistry (Shanghai). 
Chemicals: Dry dichloromethane (DCM), hexane, methanol, tetrahydrofuran, and 
dimethylformamide were purchased from J&K. [Cp*IrCl2]2 was purchased from 
Strem Chemicals Inc. KOH was purchased from Acros. All other commercial 
compounds were purchased from Sigma-Aldrich Co. or Alfa Aesar and used 
without further purification. Solvent for CO2 hydrogenation reaction was degased 
and stored under argon before reaction. 
2.4.2 Synthesis and characterization of ligands and complexes 
The preparation and characterization of ligands L1-L4, L6, L10 and complexes 
1-4, 6 and 10 can be found in previous work.
[116]
 Details about ligand L7 and 
complex 7 can be found in Jennifer Smith’s thesis from the Xiao group and the 
characterization of 7 is quoted in this section for comparison. 
Ligand L5 was prepared according to literature procedures.
[147] 
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L5: white solid; 
1
H NMR (400 MHz, CDCl3) δ (ppm) = 8.05 (d, J = 7.9 Hz, 
2H), 7.71 (d, J = 7.9 Hz, 2H), 7.33 (m, 10H), 5.50 (s, 1H), 4.94 (s, 2H); 
13
C{
1
H} 
NMR (100 MHz, CDCl3) δ (ppm) = 161.99, 143.18, 133.60, 132.92 (q, JC-F =  
32.4 Hz), 128.95, 127.95, 127.86, 126.73, 125.72 (q, JC-F = 4.0 Hz), 123.95 (q, 
JC-F = 270.7 Hz), 29.85; 
19
F{
13
C} NMR (376 MHz, CDCl3) δ (ppm) = -62.84; m/z 
(ESI
+
) 367.1 [M+H]
+
.  
Ligands L8 and L9 were prepared according to literature procedures.
[147-149]
 
 
L8: white solid; 
1
H NMR (400 MHz, CDCl3) δ (ppm) = 7.87 (d, J = 12.0 Hz, 
2H), 7.30 (m, 10H), 6.97 (d, J = 12.0 Hz, 2H), 4.87 (s, 2H), 4.20 (t, J = 4.0 Hz, 
2H), 3.89 (t, J = 4.0 Hz, 2H), 3.75-3.73 (m, 2H), 3.61-3.58 (m, 2H), 3.40 (s, 3H); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm) = 162.83, 161.19, 143.62, 129.10, 
128.79, 127.59, 126.72, 122.61, 114.64, 72.05, 70.93, 69.76, 67.66, 59.20, one 
resonance was not observed; m/z (ESI
+
) 417.2 [M+H]
+
. 
 
L9: white solid; 
1
H NMR (400 MHz, CDCl3) δ (ppm) 7.88 (d, J = 8, 2H), 
7.37-7.26 (m, 10H), 6.95 (d, J = 8.0 Hz, 2H), 5.40 (b, 1H), 4.88 (s, 2H), 4.01 (t, J 
= 4.0 Hz, 2H), 1.81 (m, 2H), 1.48 (m, 2H), 1.27 (overlap, 28H), 0.89 (t, J = 4 Hz, 
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3H); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ(ppm) 162.85, 161.54, 143.77, 131.09, 
129.04, 128.77, 127.55, 126.73, 122.35, 114.50, 68.29, 32.02, 29.80, 29.76, 29.70, 
29.68, 29.49, 29.46, 29.28, some resonance were not observed due to overlap, 
26.11, 22.79, 14.22; m/z (ESI
+
) 567.4 [M+H]
+
. 
 
Complex 5, 8 and 9 were prepared using the method of Davies et al.
[150]
 and 
experimental details can be found in previous publication.
[116]
 Iridium complexes 
X were synthesized from the corresponding ligands LX. Particularly, complexes 5, 
8 and 9 all consist of two inseparable regioisomers 5a/5b, 8a/8b and 9a/9b re-
sulting from the competing cyclometallation of the C2 and C4 phenyl rings in the 
NaOAc-mediated cyclometallation reaction. 
 
Complex 5 (R = CF3): 5a:5b = 1.5:1, yellow powder; 0.10 mmol scale, yield 59 
mg, 86%; column: DCM/methanol=10:1 (several drops of ammonia); 
1
H NMR 
(400 MHz, CDCl3) δ (ppm) = 8.09 (s, 0.4H), 8.01 (s, 0.6H), 7.48–7.20 (m, over-
lapped, 10H), 7.21 (m, 1.4H), 7.11 (d, J = 7.9 Hz, 0.6H), 6.25 (s, 0.6H), 5.62 (s, 
0.4H), 5.16 (d, J = 5.8 Hz, 0.4H), 4.96 (d, J = 11.5 Hz, 0.6H), 4.86 (d, J = 11.6 Hz, 
0.6H), 4.76 (d, J = 5.8 Hz, 0.4H), 1.45 (s, 6H), 1.43 (s, 9H). 
13
C{
1
H} NMR (100 
MHz, CDCl3) δ (ppm) = 176.79, 175.79, 164.95, 164.71, 143.16, 141.62, 139.81, 
139.07, 137.64, 132.50 (q, J = 4.0 Hz), 131.97 (q, J = 3.7 Hz), 129.14, 129.10, 
128.91, 128.82, 128.75, 128.56, 128.41, 128.37, 127.84, 127.42, 127.31 124.72, 
124.68, 118.68 (q, J = 4.0 Hz), 118.48 (q, J = 4.0 Hz), 88.41, 87.80, 79.75, 79.62, 
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72.44, 72.08, 9.39, 9.14;
 19
F{
13
C} NMR (376 MHz, CDCl3) δ (ppm) = -62.22; m/z 
(ESI
+
) 693.2 [M-Cl]
+
. 
Complex 8 (R = -O(CH2CH2O)2CH3): 8a:8b = 1.5:1; yellow powder; 0.12 
mmol scale, yield 88 mg, 90%; column: DCM/methanol=10:1 (several drops of 
ammonia); 
1
H NMR (400 MHz, CDCl3) δ (ppm) = 7.53-7.22 (m, overlapped, 
15H), 6.62 (dd, J = 8.0, 4.0 Hz, 0.4H), 6.55 (dd, J = 8.0, 4.0 Hz, 0.6H), 5.63 (s, 
0.6H), 5.32 (d, J = 12.0 Hz, 0.7H), 5.12 (d, J = 4.0 Hz, 0.4H), 4.98 (d, J = 12.0 Hz, 
0.7H), 4.78 (d, J = 12.0 Hz, 0.7H), 4.68 (d, J = 4.0 Hz, 0.4H), 4.31-4.17 (m, 2H), 
3.90 (q, J = 4.0 Hz, 2H), 3.76 (m, 2H), 3.61 (m, 2H), 3.42 (s, 3H), 1.45 (s, 15H); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ(ppm) = 176.76, 176.15, 167.54, 166.68, 
161.62, 161.06, 143.90, 142.12, 140.16, 139.45, 129.04, 128.97, 128.83, 128.52, 
128.40, 128.13, 127.67, 127.46, 127.39, 126.07, 126.02, 121.06, 120.83, 109.09, 
108.66, 87.84, 87.26, 79.38, 77.30, 72.45, 72.07, 70.85, 70.00, 67.18, 67.11, 59.18, 
9.50, 9.25; m/z (ESI
+
) 743.3 [M-Cl]
+
; Crystals suitable for XRD analysis were 
obtained from DCM/Et2O. 
IrC36H42ClN2O3, CH2Cl2/Et2O, M = 778.36, orange needle, 0.165 x 0.089 x 
0.043 mm
3
 Triclinic, Space group P-1, a = 8.8874(11) Å, α = 88.759(2)°, b 
=14.9235(19) Å, β = 89.883(3)°, c = 24.177(3) Å, γ = 82.925(2)°, V = 3181.4(7) 
Å
3
, Z = 4, Dc = 1.625 mg/m
3
, T = 133(2) K 23350 reflections collected, 12476 in-
dependent reflections Rint = 0.0556, Goodness-of-fit on F
2
 = 0.959, R1 = 0.0406, 
wR2 = 0.0652, 0 restraints, 787 parameters, absorption coefficient = 4.319 mm
-1
. 
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Complex 9 (R = -O(CH2)17CH3): 9a:9b = 1.3:1; yellow powder, 0.12 mmol 
scale, yield 107.2 mg, 92%; column: DCM/methanol=15:1 (several drops of am-
monia); 
1
H NMR (400 MHz, CDCl3) δ (ppm) = 7.57-7.24 (m, overlapped, 11H), 
6.58 (dd, J = 8.0, 4.0 Hz, 0.4H), 6.41 (dd, J = 8.0, 4.0 Hz, 0.5H), 5.83 (s, 0.4H), 
5.35 (s, 0.4H), 5.12 (d, J = 8.0 Hz, 0.4H), 4.92 (d, J = 12.0 Hz, 0.5H), 4.68-4.63 
(m, 0.8H), 4.13-3.87 (m, 2H), 1.85-1.75 (m, 2H), 1.48 (s, 15H), 1.27 (overlap, 
30H), 0.89 (t, J = 4.0 Hz, 3H);
 13
C{
1
H} NMR (100 MHz, CDCl3) δ(ppm) = 
176.81, 176.20, 167.38, 166.55, 162.06, 161.51, 143.96, 142.16, 140.22, 139.50, 
129.03, 128.96, 128.82, 128.51, 128.38, 128.12, 127.65, 127.47, 127.40,126.99, 
126.08, 126.08, 114.51, 108.96, 108.48, 88.06, 87.80, 87.23, 79.91, 79.37, 77.30, 
72.45, 72.03, 67.84, 67.76, 32.01, 29.79-29.45 (overlap), 26.25, 26.10, 22.77, 
14.20, 9.71, 9.49, 9.25; m/z (ESI
+
) 893.5 [M-Cl]
+
. 
Complex 7: yellow solid. 
1
H NMR (400 MHz, CDCl3) δ (ppm) = 7.51 (d, J = 
6.9 Hz, 1H), 7.41-7.28 (m, 9H), 7.1 (m, 1H), 6.61 (s, 1H), 4.97 ( d, J = 6.0 Hz, 
0.35H), 4.92-4.84 (m, 1.3H), 4.71 (d, J = 6.0 Hz, 0.35H), 4.04 (s, 2H), 4.01 (s, 
1H), 4.00 (s, 2H), 3.99 (s, 1H), 3.83 (s, 1H), 3.79 (s, 2H), 1.46 (s, 10H), 1.44 (s, 
5H); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm) = 176.7, 175.7, 161.4, 160.2, 
156.7, 156.2, 151.5, 151.4, 144.1, 142.4, 140.4, 139.7, 136.0, 135.8, 128.9, 128.7, 
128.3, 128.2, 128.1, 128.0, 127.5, 127.3, 120.1, 118.9, 113.9, 113.4, 87.6, 87.1, 
78.5, 78.0, 72.3, 72.1, 61.2, 61.1, 60.4, 55.8, 9.5, 9.2; HRMS (ESI) found [M+H]
+
 
750.2206.  
2.2.3 General procedure for CO2 hydrogenation 
A stock solution of a complex 1-10 was freshly made by dissolving a certain 
amount of the complex in dry DCM (0.4 mM). Under argon flow, the catalyst 
stock solution was added into a 100 or 300 mL autoclave and DCM volatilized to 
dry. KOH solid was then added into the autoclave followed by the degased solvent. 
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The autoclave was tightened afterwards and purged three times with CO2 before it 
was pressurized with CO2 and then H2 to get a certain pressure at room tempera-
ture. The reaction mixture was stirred at certain temperature for 0.5 - 20 h before 
it was cooled down with an ice-water bath. The determination of product amount 
was achieved with 
1
H NMR or ion chromatograph: 
(1) 
1
H NMR method: The reaction mixture solution was dried under vacuum. 5 
mL of 0.1 M sodium p-toluenesulfonate aqueous solution was added to dissolve 
the white solid. 0.1 mL of the mixture solution and 0.4 mL of D2O were mixed 
together in a NMR tube and then submitted to get the 
1
H NMR spectrum (e.g. 
Appendix, Scheme A.1).  
(2) Ion chromatograph method: The reaction mixture was diluted and then sub-
mitted to the ion chromatograph to determine the product amount (after calibra-
tion). 
2.2.4 Contact angle measurement 
Complex 8 and 9 powder was thoroughly dried under vacuum. Catalyst film (1 cm 
in diameter on mica sheet) for contact angle measurement was made using tablet 
machine. The film was blown with rubber suction bulb to obtain a flat surface 
proper for water contact measurement. 
 
  
                             
52 
 
 
 
 
 
Chapter 3 Hydrogenation of CO2 to FA Catalyzed by Ir-N,N’ 
Diimine Catalysts  
 
  
                                                                        Chapter 3 
53 
 
3.1 Introduction 
Catalytic hydrogenation of CO2 to chemicals and fuels is an ideal way to reduce 
the atmospheric CO2 concentration and fix CO2 as a C1 resource, provided that 
hydrogen is produced from renewable resources.
[18, 151-154]
 Chapter 1 reviews ho-
mogeneous hydrogenation of CO2 to FA/formate with molecular catalysts in a 
wide variety of organic solvents, ionic liquids, water and supercritical CO2, usu-
ally in the presence of a base affording formate as the product (eqn. 3.1), which is 
the case we discussed in the last chapter. 
 
In most of the currently reported catalyst systems, base is needed to enhance the 
hydrogenation of CO2 to formate. Nevertheless, from the viewpoint of atom 
economy and eco-friendly process, the direct hydrogenation of CO2 to FA in water 
without consuming stoichiometric amount of base is highly appreciated and of 
great significance. However, the development of novel catalysts for efficient hy-
drogenation of CO2 in water without adding base remains challenging. Based on 
the reported half-sandwich iridium catalysts with bipyridine-derived ligands and 
the results obtained with the cyclometallated Ir-N^C complexes (last chapter), this 
chapter will focus on the design of [IrCp*L] catalyst for the base-free aqueous 
hydrogenation of CO2 to FA.  
Several key challenges associated with this transformation were anticipated. 
First, the ideal catalyst should be active toward C=O double bond hydrogenation. 
Second, the catalyst should be soluble in aqueous solution. Third, CO2-saturated 
water shows pH 4.0 at 20 
o
C;
[155]
 thus the catalyst must be stable under acidic 
conditions. Based on these considerations, this chapter mainly explores iridium 
complexes containing nonaromatic N,N’-diimine ligands.[156-159] Although they 
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haven’t been applied for CO2 hydrogenation, these imidazoline analogues are po-
tentially active towards this transformation in view of its good water solubility, 
coordination ability and electron-donating property.
[160, 161]
 
3.2 Hydrogenation of CO2 to FA with Ir-N,N’ Complex in Water 
3.2.1 Ir-catalyzed CO2 hydrogenation in water without base 
The study started from identifying homogeneous iridium catalysts capable of hy-
drogenating CO2 to FA in water without base. A series of N,N’ ligands, L11-L20, 
were screened in combination with [IrCp*Cl2]2 for the hydrogenation of CO2 and 
the results are listed in Table 3.1. FA was the only product detected by 1H NMR 
(Appendix, Scheme B.1). 
Through lowering the conjugacy level of the coordinating N atom and intro-
ducing hydrophilic group, i.e. the NH unit, the electron-donating ability and hy-
drophilicity both increase from L11 to L18. Clearly, the TOF value increases 
dramatically from none (Table 3.1, entry 1, 2) to near 1000 h
-1
 (Table 3.1, entries 
7, 8). Noteworthy is that ligands L14-L16, which contain less electron-donating 
pyridine and are less water-soluble, show much lower activity than the analogues 
L17-L18. These results demonstrate that the half sandwich iridium catalysts with 
non-aromatic N,N’-diimine ligand are superior for CO2 hydrogenation to FA 
compared with iridium complexes bearing aromatic pyridine-type ligands under 
the given reaction conditions. The two structure analogues L17 and L18 present 
similar high TOFs of 1000 h
-1
 and 928 h
-1
, respectively. Replacing the NH motif 
of L17 with O, i.e. ligand L19, gives a lower TOF of 320 h
-1
 for FA production 
(Table 3.1, entry 9). The in situ formed iridium catalyst with the tetrahy-
droxy-bipyrimidine ligand L20 reported by Himeda and Fujita et al. gives a TOF 
of only 80 h
-1
 under such reaction conditions (Table 3.1, entry 10). 
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Table 3.1 Ligands/catalysts screening for base-free aqueous CO2 hydrogenation
 
 
Entry Cat. HCO2H (mmol)
a
 TOF (h
-1
) 
1 [IrCp*Cl2]2 + L11 trace / 
2 [IrCp*Cl2]2 + L12 trace / 
3 [IrCp*Cl2]2 + L13 0.005 40 
4 [IrCp*Cl2]2 + L14 0.003 24 
5 [IrCp*Cl2]2 + L15 0.019 152 
6 [IrCp*Cl2]2 + L16 0.008 64 
7 [IrCp*Cl2]2 + L17 0.125 1000 
8 [IrCp*Cl2]2 + L18 0.116 928 
9 [IrCp*Cl2]2 + L19 0.040 320 
10 [IrCp*Cl2]2 + L20 0.010 80 
11 Complex 11
b 
0.128 1024 
12 Complex 12
c 
0.119 952 
General reaction conditions: [IrCp*Cl2]2 ( 0.125 μmol), Ir/L = 1/1.2, H2O (10.0 mL), CO2/H2 
= 1/1 (5.0 MPa), at 40 
o
C, 30 min; 
a:
 average values from two runs with an error less than 10%; 
b:
 Complex 11 as the catalyst (0.25 μmol); 
c:
 Complex 12 as the catalyst (0.25 μmol). No reac-
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tion was detected without catalyst. 
 
 
Scheme 3.1 Synthesis and X-Ray structures of complex 11 and 12 
L17 and L18 can be viewed as conjugated N,N’-diimine ligands (non-aromatic 
ligands), essentially different from the aromatic bipyridine, bipyrimidine and 
biimidazole ligands, and have never been used for the hydrogenation of CO2.
[162]
 
Well-defined complex 11 and 12 were subsequently synthesized in high yields 
from [IrCp*Cl2]2 and ligand L17 and L18, respectively (Scheme 3.1). These two 
complexes are air-stable and water-soluble, and their crystal structures were de-
termined by X-ray diffraction. For both complexes in the solid state, the iridium 
atom bonds to the Cp* ligand, a chloride ligand and the two nitrogen atoms of the 
N,N’-ligand, forming a distorted octahedral coordination geometry with a chloride 
anion situated outside. The only difference is that complex 11 contains two water 
molecules, while complex 12 contains none. 
With complexes 11 and 12 as the catalyst, TOFs of 1024 h
-1
 and 952 h
-1
 were 
achieved for the CO2 hydrogenation. These are almost the same level as that of the 
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catalysts formed in situ (Table 3.1, entries 7 vs. 11, 8 vs. 12), indicating that both 
the prepared iridium complex and the in situ formed catalyst can transform into 
the active species rapidly under the given reaction conditions. Based on a series of 
exploration, complex 12 was used as the catalyst in the following studies due to 
its excellent stability. 
3.2.2 Reaction Mechanism Study 
The complex 12 catalyzed hydrogenation of CO2 was then investigated under 
varied reaction conditions to gain mechanistic insight. Firstly, the reaction rate 
increases with elevating of temperature, and a high TOF of 13104 h
-1
 was ob-
tained at 80 
o
C for FA production under 5.0 MPa of CO2/H2 (1/1) in water (Table 
3.2). The apparent activation energy (Ea) is estimated to be 44 kJ•mol-1 (Scheme 
3.2), showing that this catalyst is intrinsically active for the hydrogenation of CO2. 
Table 3.2 Temperature effect on the CO2 hydrogenation in water without base
a 
Entry Temp. (
o
C) HCOOH
 
(mmol)
b 
Time (min) TOF (h
-1
)
c 
1 20 0.0371 15 594 
2 30 0.0715 15 1143 
3 40 0.136 15 2176 
4 50 0.165 10 3960 
5 60 0.197 8 5910 
6 70 0.210 6 8400 
7 80 0.273 5 13104 
a:
 Reaction conditions: complex 12 as the catalyst (0.25 μmol), H2O (50.0 mL), CO2/H2 = 1/1 
(5.0 MPa).
 b:
 Averaged value from two runs with an error less than 10%;
 c:
 TOF calculated 
based on the indicated reaction time. 
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Scheme 3.2 Arrhenius plot of initial TOF values for hydrogenation of CO2 using complex 12 
The effect of the catalyst concentration on the reaction rate was also investi-
gated and the double logarithmic plot of the initial rate against the catalyst con-
centration shows linear dependence (Scheme 3.3), revealing approximately a 
pseudo-first order (0.75) in the concentration of catalyst precursor.  
-2 -1 0 1
-3
-2
-1
ln
(r
a
te
)
ln[12]
y = 0.7462x - 1.114
R
2
 = 0.9828
 
Scheme 3.3 Plot of Ln (rate) versus Ln([12]): complex 12 as the catalyst (0.1-5.0 μmol), H2O 
(50.0 mL), 5.0 MPa of CO2/H2 (1/1), 40 
o
C, 15 min, conversion less than 10%. 
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Scheme 3.4 H2 and CO2 partial pressure-dependent initial reaction rate for the hydrogenation 
of CO2: complex 12 (0.25 μmol) in H2O (50.0 mL) at 40 
o
C. FA production was determined at 
15 min after reaction started. 
As shown in Scheme 3.4, the partial pressures of H2 and CO2 both affect the 
rate of CO2 hydrogenation. When CO2 pressure was maintained at 4.0 MPa, the 
H2 pressure-dependent FA production increases with the increasing pressure of H2 
to approach a constant value (●). The CO2 pressure-dependent FA production 
with H2 pressure maintained at 4.0 MPa shows a similar trend and also exhibits 
saturation behavior (■). The hydrogenation activity with complex 12 linearly 
depends on PH2 and PCO2 at PH2 and PCO2 < 4.0 MPa; thus it can be concluded that 
this reaction show first order dependence with respect to both substrates under the 
given conditions. These results appear to indicate that the turnover rate of the hy-
drogenation is determined by the step of CO2 insertion into an iridium-hydride 
bond (vide infra). 
A deuterium kinetic isotope effect (KIE) study was then conducted for the CO2 
hydrogenation. As shown in Table 3.3, when the solvent H2O was replaced with 
D2O, the reaction rate increased remarkably either using H2 where the TOF in-
creased from 280 h
-1
 in H2O to 768 h
-1
 in D2O (Table 3.3, entries 1 vs. 3) or using 
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D2 with which the TOF increased from 272 h
-1
 in H2O to 548 h
-1
 in D2O (Table 
3.3, entries 2 vs. 4). Inverse solvent isotope effect (SIE) of 0.36 and 0.48 was ob-
tained from the reactions with H2/D2O and D2/D2O, respectively, which is also 
confirmed with 
1
H NMR (Appendix, Scheme B.2), illustrating D2O as solvent 
being more favorable for the CO2 hydrogenation than H2O. In addition, the results 
in Table 3.3 also indicate that in H2O, the reaction rate decreased slightly by re-
placing H2 with D2 (Table 3.3, entries 1 vs. 2), and replacing H2 with D2 in D2O 
also decreased the reaction rate (Table 3.3, entries 3 vs. 4). 
Table 3.3 Kinetic isotope effect in aqueous hydrogenation of CO2 with complex 12
a
 
Entry Gas (1/1) Solvent HCO2H (mmol)
b
 TOF (h
-1
) KIE
c
 
1 CO2/H2 H2O 0.035 280 / 
2 CO2/D2 H2O 0.034 272 1.03 
3 CO2/H2 D2O 0.096 768 0.36 
4 CO2/D2 D2O 0.073 584 0.48 
a:
General reaction conditions: complex 12 (0.25 μmol), H2O or D2O (10.0 mL), CO2/H2 or 
CO2/D2 = 1/1 (2.0 MPa); at 40 
o
C, 30 min; 
b:
 Average values from two runs with an error less 
than 10%. 
c:
 KIE = TOF (entry 1)/TOF (entry n) (n = 2, 3, 4) 
As mentioned in the last chapter, water effect in homogeneous hydrogenation of 
CO2 has been widely noted and investigated. For instance, in organic solvents, 
small amount of added water can enhance the reaction rates presumably by stabi-
lizing the transition state through an H-bonding interaction between the coordi-
nated water molecule and the oxygen atom of the approaching CO2 in its insertion 
to a metal-hydride bond.
[72]
 Moreover, in basic aqueous solution, a normal KIE 
was obtained with a proton-responsive iridium complex for CO2 hydrogenation to 
formate,
[69]
 demonstrating the involvement of water in the rate-determining step to 
accelerate the heterolysis of H2. In our case, the significant inverse KIE results 
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imply that water might play an additional role.
[163]
  
Table 3.4 Hydrogenation of CO2 in water with additives
a 
Entry Cat. Precursor Additive (eqv. to Ir) HCO2H (mmol)
b 
TOF (h
-1
)
c 
1 12 - 0.119 952 
2
 
13 - 0.125 1000 
3 12 NaCl (60) 0.089 712 
4 12 NaCl (200) 0.074 592 
5 12 NaCl (568) 0.043 344 
6 12 NaCl (20000) trace / 
7 12 NaI (2) 0.025 200 
8 12 NaI (5) 0.010 80 
9 12 NaI (100) trace / 
10
d 
13 PPh3 (5) trace / 
11
d
 13 - 0.128 1024 
a:
 General reaction conditions: Cat. (0.25 μmol), H2O (10.0 mL), CO2/H2 = 1/1 (5.0 MPa), at 
40 
o
C, 30 min; 
b:
 Measured on SHINEHA CIC-100 ion chromatograph
 
with the Shodex col-
umn (IC SI-52 4E); 
c: 
Averaged rate for initial 30 min.
 d:
 Reaction solution: H2O (9.5 mL) + 
MeOH (0.5 ml). 
Inverse KIE (KIE<1) resulting from a SIE is a signature for pre-equilibrium 
aquo release from a metal center, which has been well documented in the litera-
ture.
[164, 165]
 It has been reported that many of the half-sandwich cyclopentadienyl 
[IrCp*(L)Cl] complexes hydrolyze in water to form [IrCp*(L)(H2O)] complexes 
which are generally considered as the precursors of the active species.
[166, 167]
 In 
this context, the aquo iridium complex [Cp*Ir(L18)(H2O)][BF4]2 (complex 13) 
was synthesized and applied to the CO2 hydrogenation, and a TOF of 1000 h
-1
 for 
the production of FA was obtained, almost the same level as complex 12 (Table 
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3.4, entries 1 vs. 2). Thus when used for the hydrogenation of CO2 in water, com-
plex 12 is proposed to hydrolyze first to form the aqua complex. Afterwards, an 
equilibrium process involving the dissociation of the coordinating water molecule 
from the iridium center occurs, which precedes the turnover-limiting step. Due to 
the easier dissociation of D2O from the iridium center than H2O or more favorable 
equilibrium of D2O dissociation than H2O (eqn. 3.2 & 3.3),
[165]
 the reaction rate in 
D2O is expected to be faster, giving rise to the observed inverse KIE. Therefore, 
the aquo iridium species formed from complex 12 in water is considered to be an 
active species and water release from the iridium center could be an important 
process that affects the rate of this reaction. 
 
It was also found that the addition of other coordinating ligands retarded this 
reaction, likely by diminishing the concentration of active species. For example, 
the FA production with complex 12 declines with the increasing amount of NaCl 
added in (Table 3.4, entries 3-6). With the addition of NaI, the rate drop was more 
significant (Table 3.4, entries 7-9). When PPh3 was added to the hydrogenation 
reaction with complex 13 as the catalyst (Table 3.4, entry 10), no reaction was 
observed, probably because the strong coordination ability of PPh3 leads to its dif-
ficult dissociation from iridium center, blocking the coordination of H2.
[168] 
These 
results support indirectly the notion that water dissociation from the iridium center 
is a precondition for catalysis to occur. 
The possible catalytic intermediates generated from complex 12 were 
monitored by 
1
H NMR. When H2 (1.5 Mpa, 25 
o
C) was filled to the H2O/CD3OD 
solution of 12, a new peak at δ = -12.09 ppm (Appendix, Scheme B.4) appeared 
immediately, which can be assigned to the chemical shift of a [Ir-H]
+
 species.
[62, 67]
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Switching to a H2/CO2 mixture (1.2 MPa), besides the peak of the [Ir-H]
+
 species, 
another new peak at δ = 8.19 ppm appeared, which is assigned to the chemical 
shift of H-CO2H (Appendix, Scheme B.5). In H2O/D2O solution, although FA 
could be detected (δ = 8.30 ppm, Appendix, Scheme B.6), the iridium hydride was 
not observed even for a long time under H2/CO2 pressure, possibly due to the 
instability of this iridium hydride in the more acidic water solution compared to 
the H2O/CD3OD solution. It is important to note that during the in-situ 
1
H NMR 
probing, the iridium complex (likely [12-H2O]
2+
) remained as it was from the 
beginning. These observations indicate the aqua complex to be the catalyst resting 
state.  
 
Scheme 3.5 Proposed mechanism for base-free aqueous CO2 hydrogenation with complex 12 
Based on these results, the catalytic cycle of the aqueous hydrogenation of CO2 
with complex 12 under acidic conditions is proposed in Scheme 3.5. Firstly, com-
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plex 12 hydrolyzes rapidly in water, forming the aquo complex A. Then the cata-
lytic cycle experiences the H2-coordinated iridium species B (step I), the iridium 
hydride species C (step II) and the iridium formato species D (step III) in se-
quence, corresponding to the H2 coordination step, H2 splitting process and CO2 
insertion process, respectively. Each of these reactions is reversible, as will be 
presented in the next chapter. During the catalytic reaction, the iridium formato 
complex D is undetectable with 
1
H NMR either in water or in H2O/CD3OD mix-
ture (Appendix, Scheme B.5, B.6), suggesting the rapid exchange of the formate 
with a hydronium ion (H3O
+
) to produce HCO2H (step IV, δ = 8.30 ppm in 
H2O/D2O, Appendix, Scheme B.6; δ = 8.19 ppm in H2O/CD3OD, Appendix, 
Scheme B.5) and the regeneration of iridium aqua complex A.  
The linear dependence of the reaction rate on the pressure of H2 and CO2 ap-
pears to suggest that the hydrogenation is turnover-limited by the step of CO2 in-
sertion under the conditions employed, which is also supported by the detection of 
a [Ir-H] species and the invisibility of the iridium formato species during 
1
H NMR 
monitoring of the reaction. 
3.2.3 Thermodynamics of the base-free aqueous hydrogenation of CO2 
Apart from the kinetic study, the thermodynamics of the CO2 hydrogenation to 
FA catalyzed by complex 12 was also investigated. Scheme 3.6 shows the 
time-dependent TONs at 40 
o
C under 5.0 MPa of CO2/H2. A TOF of 2174 h
-1
 was 
achieved in the first fifteen minutes. The FA amount obtained after 17 h reached a 
constant value, implying that the equilibrium shown in eqn. 3.1 has been reached. 
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Scheme 3.6 Plot of FA amount versus the reaction time 
Reaction conditions: complex 12 (0.25 μmol), H2O (50.0 mL), 40 
o
C, 5.0 MPa CO2/H2 (1/1). 
Scheme 3.7a shows that the final TON increases with decreasing temperature, 
though the initial reaction rate increases with the increasing reaction temperature 
(Table 3.2). This agrees well with the reaction being exothermic. For long-time 
reaction, increasing the total pressure of H2/CO2 greatly increases the final TON 
(Scheme 3.7b), which shifts the reversible reaction forward (eqn. 3.1). Thus, nat-
urally a high TON of 10258 was achieved at a low temperature of 40 
o
C and high 
pressure of 7.6 MPa of H2/CO2 (1:1). 
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Scheme 3.7 (a) TON of CO2 hydrogenation at different temperatures; (b) TON of CO2 hy-
drogenation under varied total gas pressure. 
General conditions: complex 12 (0.25 μmol), H2O (50.0 mL), 40 
o
C, CO2/H2 = 1/1, 8-90 h. 
3.3 Hydrogenation of CO2 to Formate with Ir-N,N’ Complex  
The hydrogenation of CO2 to formate in the presence of base was also investigat-
ed with complex 12. As shown in Table 3.5, the hydrogenation reaction proceeds 
faster. A TOF of 37488 h
-1
 was obtained at 80 
o
C and 5.0 MPa of CO2/H2 (1:1) in 
50 mL of 1 M NaHCO3 aqueous solution (Table 3.5, entry 1), which is compara-
ble with the best literature results under similar reaction conditions in water.
[66]
 A 
TON of 87200 was achieved when the reaction was carried out in 1 M of NaHCO3 
solution after 16 hours (Table 3.5, entry 2). When more soluble KHCO3 was used 
as the base, a solution of 0.98 M potassium formate was yielded with a TON of 
196800 in 24 h (Table 3.5, entry 3). As mentioned earlier, complex 11 is less sta-
ble than 12. For the long-time hydrogenation of CO2 in basic solution, complex 11 
gave a TON of 53200 in 24 h, which is much less compared with complex 12 (Ta-
ble 3.5, entry 4). Thus the following studies were performed with 12 as well. 
Table 3.5 Results of the hydrogenation reaction in the presence of base
a
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Entry Base solution Time 
Formate 
(mmol) 
TOF 
(h
-1
) 
Final [Formate] 
(M) 
TON 
1 NaHCO3 (1M) 5 min 0.781 37488 - - 
2 NaHCO3 (1M) 16 h 21.8 - 0.44 87200 
3 KHCO3 (2M) 24 h 49.2 - 0.98 196800 
4
b
 KHCO3 (2M) 24h 13.3 - 0.26 53200 
a:
 Complex 12 (0.25 μmol), base solution (50 mL), CO2/H2 = 1/1 (5.0 MPa), 80 
o
C; 
b: 
Complex 
11 (0.25 μmol) was used as the catalyst. 
Table 3.6 Temperature effect on the reaction in the presence of base
a
 
Entry Temp. (
o
C) HCOO
-
 (mmol) TOF (h
-1
)  
1 25 0.471 1884  
2 40 1.18 4720  
3 60 3.20 12800  
4 80
b
 0.781 37488  
a:
 General conditions: complex 12 (0.25 μmol), NaHCO3 (1M, 51 mL), CO2/H2 = 1/1 (5.0 
MPa), 1h; 
b:
 reaction time is 5 min. 
The apparent activation energy (Ea) of 47 kJ•mol-1 was obtained from the tem-
perature dependence of the initial reaction rate in aqueous NaHCO3 solution (Ta-
ble 3.6, Scheme 3.8), almost the same as that (44 kJ•mol-1) obtained in water 
without base. 
In the presence of base, KIE study was also performed. As shown in Table 3.7, 
when the hydrogenation of CO2 was carried out in H2O using NaHCO3 as the base, 
a TOF of 2728 h
-1
 and 2824 h
-1
 was obtained with H2 and D2, respectively (Table 
3.7, entries 1, 2). The KIE value of 0.97 indicates that H2 heterolysis may not be 
the rate-determining step. When the reaction was carried out in D2O (NaDCO3 as 
base), the reaction rate decreased slightly, and a KIE of 1.12 and 1.24 was ob-
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tained with H2 and D2 (Table 3.7, entries 3, 4). Compared with the KIE results in 
the absence of base, the KIE in the presence of base is not that significant. Worth 
noting is that a reverse KIE is not observed suggesting that water dissociation no 
longer affects the hydrogenation rate. The slightly higher KIE shown in entry 4 
may indicate that CO2 insertion into the Ir-H bond is rate limiting. 
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Scheme 3.8 Arrhenius plot of initial TOFs for CO2 hydrogenation in the presence of base 
Table 3.7 KIE in the hydrogenation of CO2 in the presence of base
a
 
Entry Gas Solution HCOO
-
 (mmol)
b
 TOF (h
-1
) KIE 
1 CO2/H2 NaHCO3/H2O 0.341 2728 / 
2 CO2/D2 NaHCO3/H2O 0.353 2824 0.97 
3 CO2/H2 NaDCO3/D2O 0.304 2432 1.12 
4 CO2/D2 NaDCO3/D2O 0.275 2200 1.24 
a:
 Reaction conditions: complex 12 as the catalyst (0.25 μmol), NaHCO3/H2O or NaD-
CO3/D2O (1.0 M, 10.0 mL), CO2/H2 = 1/1 (2.0 MPa); 40 
o
C, 30 min. 
b:
 Average values from 
two runs with an error less than 10%. 
The behavior of complex 12 in water under different pH conditions was studied 
using UV-Vis absorption spectroscopy. As shown in Scheme 3.9, the complex re-
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mains unchanged structurally below pH 6, and loses the NH proton on the ligand 
under basic conditions.
[68, 128, 169]
 The pKa value of complex 12 in water was esti-
mated to be 8.2. 
1
H NMR of complex 12 in H2O/D2O and CDCl3 both manifest 
the disappearance of the NH proton after the addition of Na2CO3 and NaOtBu 
(Appendix, Scheme B.7, B.8). 
200 300 400 500 600 700
0.0
0.4
0.8
1.2
1.6
 
 
A
b
s
 (
a
.u
.)
wavelength (nm)
 2
.0
3
 2
.6
0
 3
.1
3
 3
.4
7
 3
.8
3
 4
.2
3
 4
.6
4
 5
.1
2
 5
.4
9
 5
.9
0
 6
.3
5
 6
.7
2
 7
.2
0
 7
.5
6
 7
.8
5
 8
.1
6
 8
.5
3
 8
.8
7
 9
.2
8
 9
.7
3
 1
0
.0
6
 1
0
.3
7
 1
0
.8
0
 1
1
.1
1
 1
1
.4
5
 1
2
.0
2(a)
 
2 4 6 8 10 12
0.0
0.6
0.8
1.0
1.2
pKa ~ 8.2
 
 
A
b
s
 (
a
.u
.)
pH
 255
 279
 316
389
(b)
 
Scheme 3.9 (a) The UV-Vis absorption spectra of complex 12 measured at pH values in the 
range from 2.0 to12.0; (b) Absorbance changes at 255 nm, 279 nm, 316 nm and 389 nm as a 
function of pH change. 
Based on these investigations and the in situ 
1
H NMR results, the reaction 
mechanism of CO2 hydrogenation to formate in the presence of base with com-
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plex 12 is tentatively proposed in Scheme 3.10. 
     
Scheme 3.10 Proposed mechanism for CO2 hydrogenation in the presence of base 
As mentioned above, complex 12 will lose the NH protons in basic solution. 
Deprotonation of the NH unit likely results in a ligand isomerization and the re-
sulting electron-donating amide may expell the coordinating aquo ligand, forming 
the electro-neutral complex A’ as shown in Scheme 3.10. This would explain why 
there is no SIE. When the hydrogenation of CO2 was performed using complex 12 
in NaOH/H2O/D2O solution which was bubbled with continuous flow of H2/CO2 
(1:1) for 10 mim, the intermediate iridium hydride (potentialy B’) was detected at 
δ = -11.91 ppm by 1H NMR (Appendix, Scheme B.9). Additionally, a signal of 
8.37 ppm was observed, which is ascribed to the free formate proton (HCOO
-
) 
dissociated from the Ir-formato complex C’. Since the formato proton signal of C’ 
was not detected, CO2 insertion is again proposed to be the RDS, which is in line 
with the KIE results, and the similarity in the Ea’s obtained for the base-free and 
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base-promoted reactions. Nevertheless, further study still need to be done in the 
future to understand more about the reaction mechanism. 
3.4 Summary 
An efficient iridium complex has been developed for the direct hydrogenation of 
CO2 to FA in water without base under mild conditions. A TOF over 13000 h
-1
 
was obtained at 80 
o
C and 5.0 MPa, which is the highest TOF reported to date 
under similar conditions.  
The in situ 
1
H NMR and kinetic isotopic effect study reveals that whilst the 
CO2 insertion may be the rate-limiting step, the dissociation of the coordinated 
water molecule from the iridium complex affects considerably the turnover rate of 
the catalytic cycle. Thus, water appears to play a double role in this reaction, fa-
cilitating CO2 insertion via hydrogen bonding, and limiting the catalytic turnover 
through coordination to the active catalytic center.  
The successful application of the iridium N,N’-diimine complex for base-free 
CO2 hydrogenation extends the ligand type and provides a strategy to develop 
new catalytic systems for CO2 hydrogenation. Moreover, this iridium catalyst also 
shows satisfying reactivity for the hydrogenation of CO2 in basic aqueous solution, 
making it more adaptable to various potential applications in the future. 
3.5 Experimental Section 
3.5.1 General information 
Instruments: Details have been given in Chapter 2. Solution pH was measured on 
a ZDJ-400DH multi-function titrator which was calibrated before use. The X-Ray 
structures of complexes 11-13 were determined by State Key Laboratory of Or-
ganometallic Chemistry (Shanghai). 
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Chemicals: NaHCO3, Na2CO3, KOH, and KHCO3 were purchased from Tianjin 
Kemiou Chemical Reagent Co., Ltd. Sodium formate was purchased from Si-
nopharm Chemical Reagent Co. Ltd. [IrCp*Cl2]2, ligand L11 and L19 were pur-
chased from J&K. 3-(Trimethylsilyl)-1-propane sulfonic acid sodium salt (DSS) 
was purchased from Aladdin. Deionized water used in this work was obtained 
from PURELAB Ultra water purification system. Other ligands were synthesized 
according to literature procedures. 
3.5.2 Synthesis and characterization of ligands and complexes 
L12
[170, 171]
: white solid; 
1
H NMR (400 MHz, d6-DMSO): δ (ppm) = 13.53 (s, 2H), 
7.64 (s, 4H), 7.27 (s, 4H);
 13
C{
1
H} NMR (100 MHz, d6-DMSO): δ (ppm) = 144.3, 
123.5, 119.7, 112.4; m/z (ESI
+
) [M+H]
+
 calcd 235.0984, obsd 235.0973. 
L13
[172]
: white solid; 
1
H NMR (400 MHz, CDCl3): δ (ppm) = 11.34 (s, 1H), 8.64 
(m, 1H), 8.48 (m, 1H), 7.87 (m, 2H), 7.40 (m, 2H), 7.28 (m, 2H);
 13
C {
1
H} NMR 
(100 MHz, CDCl3): δ (ppm) = 149.1, 148.5, 137.5, 124.7, 124.0, 122.8, 121.9, 
120.2, 111.4; m/z (ESI
+
) [M+H]
+ 
calcd 196.0875, obsd 196.0864. 
L14
[173]
: white solid;
 1
H NMR (400 MHz, CDCl3): δ (ppm) = 11.46 (s, 1H), 8.51 
(d, J = 4.0 Hz, 1H), 8.21 (J = 8.0 Hz, 1H), 7.79 (m, 1H), 7.24 (m, 2H), 7.13 (s, 
1H);
 13
C {
1
H} NMR (100 MHz, CDCl3): δ (ppm) = 148.7, 146.4, 137.4, 130.5, 
123.3, 120.2, 117.7; m/z (ESI
+
) [M+H]
+
 calcd 146.0718, obsd 146.0711. 
L15
[174]
: white solid; 
1
H NMR (400 MHz, CDCl3): δ (ppm) = 8.56 (d, J = 4.5 Hz, 
1H), 8.14 (d, J = 7.9 Hz, 1H), 7.76 (td, J = 7.8, 1.4 Hz, 1H), 7.34 (dd, J = 6.9, 5.3 
Hz, 1H), 5.36 (br s, 1H), 3.84 (s, 4H); 
13
C {
1
H} NMR (100 MHz, CDCl3): δ (ppm) 
= 164.4, 148.6 (d, J = 20.0 Hz), 148.5, 136.7, 125.2, 122.4, 50.5; m/z (ESI
+
) 
[M+H]
+
 calcd 148.0875, obsd 148.0866. 
L16
[175]
: white solid; 
1
H NMR (400 MHz, d6-DMSO): δ (ppm) = 9.94 (s, 1H), 
8.79 (d, J = 4.8 Hz, 1H), 8.17~8.10 (m, 2H), 7.77~7.74 (m, 1H), 3.52 (t, J = 5.6 
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Hz, 4H), 1.96 (m, 2H); 
13
C {
1
H} NMR (100 MHz, d6-DMSO): δ (ppm) = 155.8, 
150.2, 145.0, 138.9, 128.5, 122.6, 39.4, 18.3; m/z (ESI
+
) [M+H]
+
 calcd 162.1031, 
obsd 162.1025. 
L17
[160, 161]
: white solid; 
1
H NMR (400 MHz, D2O): δ (ppm) = 3.69 (s, 8H);
 
13
C{
1
H} NMR (100 MHz, D2O): δ (ppm) = 159.44, 50.57 (br). HRMS: C6H10N4, 
calcd 138.0905, obsd 138.0913.  
L18
[160, 161]
: white solid; 
1
H NMR (400 MHz, D2O): δ (ppm) = 3.18 (t, J = 6.0 Hz, 
8H), 1.64-1.58 (m, 4H); 
13
C{
1
H} NMR (100 MHz, D2O): δ (ppm) = 152.3, 40.7, 
19.4; HRMS: C8H14N4, calcd 166.1218, obsd 166.1223. 
L20
[67]
: white solid; 
1
H NMR (400 MHz, d6-DMSO): δ (ppm) = 11.71 (b, 2H), 
5.60 (s, 1H); 
13
C {
1
H} NMR (100 MHz, d6-DMSO): δ (ppm) = 168.4, 153.8, 91.3; 
m/z (ESI
+
) [M+H]
+
 calcd 223.0467, obsd 223.0449. 
Complex 11 [IrCp*(L17)Cl]Cl: 
Under an argon atmosphere, dry methanol (30 mL) was added to the mixture of 
[IrCp*Cl2]2 (0.1 mmol) and L17 (0.2 mmol) in a flask bottle which was stirred at 
room temperature. After approximately half an hour, the mixture became a yel-
low-green clear solution, and stirring was maintained overnight. Then, the meth-
anol was removed under reduced pressure. Diethyl ether was added to the residue, 
which created a powder. After being filtered and washed with ether, a yellow 
powder was obtained. If the powder could not be formed after adding ether, col-
umn chromatography was used to purify the complex using CH2Cl2/MeOH 
(50:1-20:1) as the eluent. Yield: 84%. Crystal of complex 11 that was suitable for 
X-ray diffraction was obtained from a mixture of CH2Cl2 and ether. 
1
H NMR (400 
MHz, D2O): δ (ppm) = 3.88-3.99 (m, 8H), 1.67 (s, 15H); 
13
C{
1
H} NMR (100 
MHz, D2O): δ (ppm) = 161.4, 87.8, 51.8, 46.7, 8.6; m/z (ESI
+
) 501.1 [M-Cl]
+
; 
elemental analysis for C16H25Cl2IrN4•H2O calcd: C 34.66, H 4.91, N 10.10; found: 
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C 35.02, H 5.23, N 9.81. 
C16H29Cl2IrN4O2, CH2Cl2/Et2O, M = 572.53, yellow crystals, 0.145 x 0.111 x 
0.066 mm
3
 Monoclinic, Space group P 21/c, a = 7.6158 (8) Å, α = 90°, b 
=11.7394(12) Å, β = 97.916(2)°, c = 23.093(2) Å, γ = 90°, V = 2044.9(4) Å3, Z = 
4, Dc = 1.860 mg/m
3
, T = 293 (2) K, 11740 reflections collected, 4020 independ-
ent reflections Rint = 0.0340, Goodness-of-fit on F
2
 = 1.121, R1 = 0.0317, wR2 = 
0.0681, 6 restraints, 255 parameters, absorption coefficient = 6.807 mm
-1
. 
 
Complex 12 [IrCp*(L18)Cl]Cl: 
Complex 12 was obtained using the similar procedure as for complex 11: yel-
low solid; Yield: 85%. 
1
H NMR (400 MHz, D2O): δ (ppm) = 3.69 (t, J = 5.6 Hz, 
4H), 3.37 (t, J = 5.6 Hz, 4H), 1.82-1.88 (m, 4H), 1.58 (s, 15H); 
13
C{
1
H} NMR 
(100 MHz, D2O): δ (ppm) = 155.9, 87.4, 49.4, 37.9, 20.6, 8.3. m/z (ESI
+
) 529.2 
[M-Cl]
+
; elemental analysis for C18H29Cl2IrN4 calcd: C 38.29, H 5.18, N 9.92; 
found: C 37.92, H 5.16, N 10.21. 
C18H29Cl2IrN4, CH2Cl2/Et2O, M = 564.55, yellow columnar crystals, 0.176 x 
0.143 x 0.065 mm
3
 Monoclinic, Space group P 21/n, a = 11.1798 (7) Å, α = 90°, b 
=10.9776(6) Å, β = 96.3380(10)°, c = 16.8241(10) Å, γ = 90°, V = 2052.2(2) Å3, 
Z = 4, Dc = 1.827 mg/m
3
, T = 293 (2) K, 12184 reflections collected, 4046 inde-
pendent reflections Rint = 0.0314, Goodness-of-fit on F
2
 = 1.049, R1 = 0.0210, 
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wR2 = 0.0486, 2 restraints, 239 parameters, absorption coefficient = 6.775 mm
-1
. 
 
Complex 13 ([IrCp*(L18)(H2O)][BF4]2): 
Complex 12 (0.1 mmol) and AgBF4 (2 eqv.) were weighed and added to a 
round bottom flask along with H2O (5.0 mL). The reaction was stirred vigorously 
at room temperature overnight. The reaction mixture was filtered and the solvent 
was removed in vacuo to give a bright yellow solid. Crystals suitable for X-ray 
diffraction analysis was obtained out of water. Yield, 65.0 mg, 95%; 
1
H NMR 
(400 MHz, D2O) δ (ppm) = 3.88 (t, J = 5.2 Hz, 4H), 3.48 (t, J = 5.4 Hz, 4H), 1.98 
(m, 4H), 1.68 (s, 15H); 
13
C {
1
H} NMR (100 MHz, D2O) δ (ppm) = 157.6, 86.8, 
49.2, 38.1, 20.2, 8.3; m/z (ESI
+
) 247.1 [M-2BF4-H2O]
2+
. 
C18H33B2F8IrN4O2, CH2Cl2/Et2O, M = 703.30, yellow bulk crystals, 0.33 x 0.28 
x 0.25 mm
3
 Triclinic, Space group P-1, a = 8.6729 (15) Å, α = 85.039(3)°, b 
=11.3034(19) Å, β = 74.421(3)°, c = 13.751(2) Å, γ = 78.507(3)°, V = 1271.8(4) 
Å
3
, Z = 2, Dc = 1.837 mg/m
3
, T = 293 K, 13116 reflections collected, 7928 inde-
pendent reflections Rint = 0.0322, Goodness-of-fit on F
2
 = 1.021, R1 = 0.0486, 
wR2 = 0.1202, 298 restraints, 397 parameters, absorption coefficient = 5.331 mm
-1
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3.5.3 Procedure for catalytic hydrogenation of CO2 in water 
The in situ prepared catalysts were freshly formed from [IrCp*Cl2]2 (1.0 equiv.) 
and ligands (2.4 equiv.) in degassed water with the help of ultrasonic wave. The 
catalyst stock solution was kept for the hydrogenation reaction within 10 h. Simi-
larly, the stock solution of complex 11, 12 and 13 were prepared using degassed 
water.  
For the hydrogenation reaction without base, degassed water (9.0 mL) and the 
catalyst stock solution (1.0 mL) were added to a 300 mL glass-lined stainless steel 
autoclave reactor equipped with a stirring bar under argon protection. The auto-
clave was then sealed, purged three times with CO2 carefully and finally pressur-
ized to the required pressure. Then hydrogen was filled till the total pressure 
reached the desired value. The autoclave reactor was stirred in a water bath right 
away with temperature held at the desired value in advance. After the reaction, e.g. 
30 min, the autoclave was put into an ice-water bath and gas was slowly released 
in a fume hood upon cooling. Afterwards, NaOH (1.0 M, 0.5 mL) was added to 
the reaction solution which was then diluted with water and submitted to 
SHINEHA CIC-100 ion chromatograph to determine the amount of formate gen-
erated. 
For long-time reaction, the CO2 hydrogenation reaction was performed directly 
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in the autoclave without glass lining to avoid the influence of solvent evaporation. 
The blank reaction was carried out without catalyst at 40 
o
C and 5.0 MPa of 
CO2/H2 (1/1) for 16 h, and only trace amount of FA was detected, which is negli-
gible.   
For the hydrogenation reaction in the presence of base, the procedure was ex-
actly the same as described above, using basic aqueous solution (1 M NaHCO3 or 
2 M KHCO3) instead of water. 
3.5.4 UV-Vis absorption measurement 
The pH of the solutions was adjusted by mixing the stock solution of complex 12 
(0.15 mM) in 0.02 M H2SO4 and 0.1 M NaOH. The UV/Vis spectra were recorded 
right after testing the pH value. 
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Chapter 4 Formic Acid Dehydrogenation Catalyzed by Ir-N,N’ 
diimine Catalysts 
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4.1 Introduction 
Formic acid is a promising chemical hydrogen storage compound because it is a 
nontoxic liquid at ambient temperature and can be easily handled and 
transported.
[176-179]
 The dehydrogenation of FA (eqn. 4.1), as a companion reaction 
to CO2 hydrogenation, is an indispensable step in a hydrogen storage system using 
FA as the hydrogen storage material. The hydrogenation of CO2 to formate/FA 
under mild conditions has been discussed in Chapters 2 and 3; thus this chapter 
will focus on the dehydrogenation of FA using homogeneous catalysts. 
 
The dehydrogenation of FA to generate hydrogen has been extensively studied 
in the past few years. Homogeneous catalysts based on ruthenium,
[32, 109, 110, 113, 122, 
129, 180-182] 
rhodium,
[70, 124, 128]
 iridium,
[53, 66-68, 116, 120]
 iron
[114, 117, 118, 183, 184] 
and other 
complexes
[115, 138]
 have been widely investigated, and excellent results have been 
obtained. For example, in 2014, Pidko and coworkers reported a very high activity 
for FA dehydrogenation using a ruthenium PNP-pincer complex, which provides a 
TOF of 257000 h
-1
 and TON of 706500 at 90 °C in DMF in the presence of an 
amine.
[32]
  
Meanwhile, the Xiao group has been developing transfer hydrogenation with 
cyclometallated [Cp*Ir(L)Cl] complexes using FA as the hydrogen source, and 
found that the Ir-hydride intermediates could be intercepted not only by the imin-
ium cations, but also by protons to release H2. In 2013, they reported a type of cy-
clometallated Ir-N^C complexes for the dehydrogenation of HCO2H–NEt3 mix-
tures to give H2 and CO2 under mild conditions with no CO formation, achieving 
high turnover frequencies up to 147000 h
-1
 at 40
 o
C.
[116] 
Most of the above mentioned catalytic systems for FA dehydrogenation require 
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bases (e.g. amine) or additives (e.g. LiBF4) in organic solvents. Although several 
catalysts have been reported for FA dehydrogenation in the absence of bases or 
additives, these reactions were conducted in organic solvents. For practical appli-
cation, the dehydrogenation of FA in water without bases or additives is highly 
preferable. At present, only a few catalytic systems have been reported to be ac-
tive in water in the absence of bases or additives. For example, in 2009, Himeda 
used a pH-dependent iridium-bipyridine catalyst for FA dehydrogenation, achiev-
ing a TOF of 14000 h
-1
 at 90 °C without bases or additives in water.
[127] 
In 2014, 
Wang, Himeda and coworkers reported an iridium-biimidazole complex with a 
TOF of 34000 h
-1
 at 80 °C, the highest TOF reported for FA dehydrogenation in 
water without bases or additives.
[128]
 
The FA dehydrogenation activity in water is much lower in the absence of bases 
or additives, and the available catalytic systems are limited to iridium complexes 
with aromatic bipyridine, bipyrimidine and biimidazole ligands. In Chapter 3, an 
iridium complex with a nonaromatic N,N’-diimine ligand was found to be highly 
effective for the base-free hydrogenation of CO2 in water. Since FA dehydrogena-
tion is the reverse reaction of CO2 hydrogenation, the Ir-N,N’ diimine complex 
was subsequently studied for the dehydrogenation of FA, which is described in 
this chapter. 
4.2 FA Dehydrogenation with Ir-N,N’ Diimine Complex in Water 
4.2.1 FA dehydrogenation reaction 
As expected, gas evolution was achieved for the dehydrogenation of FA with 
complex 11 and 12, and the results are listed in Table 4.1. The evolved gas mix-
ture is composed of H2 and CO2 (1:1) without detectable levels of CO (Appendix 
Scheme C.1), suggesting that the reaction undergoes dehydrogenation instead of 
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dehydration. 
Table 4.1 Dehydrogenation of FA in water using complexes 11 and 12 
 
Entry catalyst T (°C) 
TOFinitial 
(h
-1
) 
Time 
(min) 
H2
 
(mL) TON Con. (%) 
1
a
 11 60 50,000
 
20 240
 
10000 >99 
2
a 
12 60 30,000 20 175 7291 73 
3
b 
11 90 487,500 10 1128 47000 94 
4
b 
12 90 375,000 10 1040 43333 87 
General conditions: No reaction occurred in the absence of catalysts. Each reaction was re-
peated at least twice with an error less than 5%. The volume of H2 evolved was measured at 
the specified time. TON was estimated based on the H2 amount in the same time interval. Con. 
refers to conversion of FA. 
a:
1.0 μmol of complex, 10.0 mL of H2O, 10.0 mmol of FA, TOF 
was calculated based on the conversion in the first 2 min. 
b:
1.0 μmol of complex, 10.0 mL of 
H2O, 50.0 mmol of FA, TOF was calculated based on the conversion in the first 20 s. 
Using complex 11, 10.0 mmol of FA can be completely dehydrogenated within 
20 min at 60 °C, giving an initial TOF of 50000 h
-1
 (Table 4.1, entry 1). Under the 
same conditions, the reaction with complex 12 provides a lower TOF of 30000 h
-1
 
(Table 4.1, entry 2). When the temperature is increased to 90 °C, a TOF as high as 
487500 h
-1
 can be achieved using complex 11 (Table 4.1, entry 3). The time 
course of gas evolution using complex 11 at 90 °C shows that over 300 mL of gas 
was evolved in the first minute and the FA conversion reached 95% after 10 min 
(Scheme 4.1). Complex 12 also shows a good TOF of 375000 h
-1
 at 90 °C (Table 
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4.1, entry 4). Other N,N’ ligands were also screened for this transformation; how-
ever, they all showed lower reactivity ( Appendix, Table C.1). 
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Scheme 4.1 Time course of gas evolution using complex 11 at 90 
o
C 
4.2.2 Reaction mechanism study 
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Scheme 4.2 Arrhenius fit of initial TOF values for dehydrogenation of FA. 
Reaction conditions: complex 11 (1.0 μmol), FA (1.0 M, 10.0 mL), 20 
o
C, 40 
o
C, 60 
o
C, 80 
o
C. 
The dependence of dehydrogenation rate on temperature, catalyst concentration, 
FA concentration and pH value was then investigated using complex 11. The reac-
tion rate increases with temperature, with the temperature dependence of the ini-
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tial rates following the Arrhenius equation (Scheme 4.2). The estimated apparent 
activation energy (Ea) for FA dehydrogenation is 72.1 kJ mol
-1
, which is in the 
typical range of noble-metal catalyzed dehydrogenation of FA.
66, 110, 125, 128 
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Scheme 4.3 (a) Plot of Ln (rate of H2 evolution) versus Ln ([11]): complex 11 (0.25 μmol to 
5.0 μmol), FA (1.0 M, 10.0 mL), 60 °C; (b) Plot of Ln (rate of H2 evolution) versus Ln ([FA]): 
complex 11 (1.0 μmol), FA (0.2 M to 5.0 M, 10.0 mL), 60 °C. 
The rate dependence on concentrations of complex 11 and FA was examined. 
The double logarithmic plots of the initial rate against the concentration of com-
plex 11 and FA both show linear dependence (Scheme 4.3). These results show 
that this reaction proceeds with an order of 0.89 with respect to complex 11 and 
indicate that complex 11 is converted into a monomeric active species rapidly. The 
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reaction order with respect to FA was estimated to be 0.41 (approximate 0.5), 
which implies that only one HCO2
-
 coordinates to the iridium center in the transi-
tion state and that an equilibrium is probably involved between [Ir]+HCO2
-
 and 
[Ir]-HCO2
-
, the latter of which undergoes the dehydrogenation (see below).  
 
If we assume that the dehydrogenation can be simplified by the equations 
4.2-4.4, with equation 4.4, i.e. decarboxylation to generate the iridium hydride, 
being the turnover limiting step, a rate expression for the dehydrogenation can be 
derived as follows. k is the rate constant of the product (P) formation step; K1 is 
the equilibrium constant of eqn. 4.2; K2 is the equilibrium constant of eqn. 4.3. [Ir] 
is the concentration of the iridium aqua complex. Applying steady-state approxi-
mation to [Ir-OOCH] and [HCOO
-
], we have: 
Rate = d[H2]/dt = k[Ir-OOCH] = kK2[HCOO
-
][Ir]                    (4.5) 
since [HCOO
-
][H
+
] = [HCOO
-
]
2
 = K1[HCOOH], 
the reaction rate from eqn. 4.5 can be described as 4.6, 
d[H2]/dt=kK2K1
0.5
[Ir][HCOOH]
0.5
=k’[Ir][HCOOH]0.5                 (4.6) 
Equation 4.6 agrees with the observations made above. In turn, this supports the 
assumption that the dehydrogenation is likely to be rate-limited by the step of de-
carboxylation. 
Scheme 4.4 shows the TOF values obtained in the FA-HCO2Na mixture solu-
tion at various pH values. The highest TOF value (72500 h
-1
) was obtained at pH 
2.8. The UV-Vis absorption spectra results at pH 2 to 13 (Appendix, Scheme C.2) 
show that the pKa1 of complex 11 due to deprotonation is around 9.0. Because the 
protonation status of 11 remains the same at pH < 7.3, the pH dependence of de-
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hydrogenation may not be due to the deprotonation status of the ligand. The in-
crease in TOF with decreasing pH from 8.0 to 2.8 indicates the importance of the 
hydronium ion (H3O
+
) concentration for this reaction. Meanwhile, the decrease in 
TOF with decreasing pH from 2.8 to 1.9 is consistent with the involvement of 
HCO2
-
 species (eqn. 4.3) in this reaction, the concentration of which decreases at 
low pH. It is also consistent with the result obtained for neat FA (anhydrous) de-
hydrogenation under the same conditions, where no reaction was detected, be-
cause nearly neither H3O
+
 ions nor HCO2
-
 exists in anhydrous FA. 
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Scheme 4.4 pH dependence of the initial TOF  
Reaction conditions: complex 11 (1.0 μmol), 60 °C, FA/HCO2Na (1.0 M, 10.0 mL). 
Based on the results discussed above and the NMR studies (see Appendix C), a 
possible reaction mechanism was proposed (Scheme 4.5). The catalytic cycle 
likely starts from the water coordinated iridium complex A, which is derived from 
complex 11 in aqueous FA solution. Subsequent coordination of HCO2
-
 to com-
plex A forms the formato complex B (step I). After the release of CO2 upon de-
carboxylation, the iridium hydride complex C is formed (step II), which was de-
tected by NMR (δ = -12.20 ppm, Appendix, Scheme C.3) in basic solutions. Next, 
the hydride C reacts with a hydronium ion (H3O
+
) to produce H2 (step III), which 
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is accompanied by the regeneration of aqua iridium complex A. 
 
Scheme 4.5 Catalytic cycle of FA dehydrogenation 
To further understand this process, a kinetic isotope effect study was performed 
using complex 11. As shown in Table 4.2, when the substrate HCO2H was re-
placed with deuterated DCO2H, the reaction rate decreased considerably. The KIE 
is 2.3 when DCO2H replaces HCO2H (Table 4.2, entry 2), but 1.7 when HCO2D 
replaces HCO2H (Table 4.2, entry 3). A KIE of 4.0 was obtained with DCO2D in 
D2O (Table 4.2, entry 4). The lower KIE values (Table 4.2, entries 2, 3) may be 
due to H-D scrambling at iridium. These results indicate again that the cleavage of 
the formate H-CO2- bond is most likely involved in the rate-determining step un-
der the given reaction conditions. In addition, Ir-H was not observed in acidic so-
lution by 
1
H NMR (Appendix, Scheme C.4). Thus the generation of [Ir]-H (step 
II), not the hydrogen elimination (step III), is proposed to be the rate-determining 
step. 
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Table 4.2 KIE in the dehydrogenation of FA using complex 11
a
 
Entry Substrate Solvent TOF (h
-1
)
b
 KIE
c
 
1 HCO2H H2O 50000 / 
2 DCO2H H2O 21,880 2.3 
3 HCO2D D2O 29,375 1.7 
4 DCO2D D2O 12500 4.0 
a:
 Reaction conditions: complex 11 (1.0 μmol), FA solution (1.0 M, 10.0 mL), 60 °C; 
b:
 TOF 
was calculated in the first 2 min; 
c:
 KIE = TOF(entry 1)/TOF(entry n) (n = 2, 3, 4). 
4.2.3 Catalytic stability test 
The stability of our catalyst was also investigated. For the catalyst recycling test 
(Scheme 4.6), 20.0 mmol of FA was consumed in each cycle when using 2.0 μmol 
of complex 11 at 60 °C. This catalyst functioned continuously for 37 cycles with 
only slightly declining activity. When using the in situ generated iridium catalyst 
with ligand L18 (Ir:L = 1:5) for FA dehydrogenation at 80 °C and charging FA at 
certain time intervals, a total TON of 2400000 was achieved in approximately 14 
hours.   
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Scheme 4.6 Recycles of the dehydrogenation of FA. 
Reaction conditions: complex 11 (2.0 μmol), FA (2.0 M, 10.0 mL), 60 
o
C. FA (20.0 mmol) 
was added into the reaction at the beginning of each cycle. Part of (a) is enlarged as shown in 
(b).  
The FA dehydrogenation can also take place smoothly in a closed system under 
pressurized conditions. In a 300 mL autoclave, the total pressure reached 4.4 MPa 
after 6 hours when using 1.0 μmol of in situ formed complex 12 to dehydrogenate 
FA (5.0 M, 50.0 mL) at 60 °C (less than 0.3% of FA left behind), indicating that 
high pressure of H2 can be supplied using this catalyst. 
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4.3 Summary 
In summary, the water-soluble iridium complexes such as 11 and 12 with nonaro-
matic N,N’-diimine ligands show extremely high FA dehydrogenation activity in 
water. Without the addition of any bases or additives, a TOF of up to 487500 h
-1
 
with complex 11 and a TON of 2400000 with the in situ prepared catalyst from 
[IrCp*Cl2]2 and L18 were obtained. The high activity and good stability of these 
catalysts make hydrogen generation from FA more feasible for potential applica-
tions.  
4.4 Experimental Section 
4.4.1 General information 
Instruments: Details have been given in Chapters 2 and 3. GC analysis results 
were obtained with Techcomp GC7890Ⅱ equipped with a TCD and a FID. 
Chemicals: Formic acid (98%) and [IrCp*Cl2]2 were purchased from J&K. So-
dium formate was purchased from Sinopharm Chemical Reagent Co. Ltd. 
4.4.2 Procedure for catalytic dehydrogenation of FA 
An aqueous catalyst stock solution was prepared freshly before use and the reac-
tions were carried out without protection. 
First, 10.0 mL of the FA aqueous solution and a stir bar were placed in a 
Schlenk tube equipped with a side branch and rubber septa. Afterwards, the tube 
was preheated at given temperature (e.g. 60 °C) in a water bath until the required 
temperature was attained. Then, freshly prepared aqueous catalyst stock solution 
was injected into the reaction through the septa, and the timing started immedi-
ately. The side branch was connected to the gas collection apparatus (standard 
water displacement apparatus, using a graduated cylinder to determine volume). 
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The volume of gas generated was recorded. 
For the reaction carried out in neat FA, FA was dehydrated using anhydrous 
Na2SO4 for 3 h before use. 10.0 mL of dehydrated FA and stir bar were placed in a 
Schlenk tube, and preheated at 60 °C for 10 min. Then complex 11 (1.0 μmol) was 
added in and the tube was sealed immediately. No observable gas evolution was 
detected within 20 min. Next, 5.0 mL of water was injected into the reaction, and 
gas evolution occurred gradually. Thus the FA dehydrogenation using complex 11 
requires H3O
+
 and HCO2
-
. 
For the long-time reaction, a stir bar, water (7.0 mL) and FA (2.2001 g, 98%) 
were placed in a Schlenk tube equipped with a side branch and rubber septa. After 
the tube was preheated at 80 
o
C in water bath, the stock solution of in situ gener-
ated iridium catalyst (1.0 mL, 0.05 μmol of [IrCp*Cl2]2 and 0.5 μmol of L18) was 
injected into the reaction through the septa, and the timing was started. The side 
branch was connected to the gas collection apparatus. At the reaction times of 80 
min, 200 min, 270 min and 400 min, 2.7503 g, 1.9310g, 2.3395 g and 2.1102 g of 
FA were added, respectively. After 14 hours of reaction, no gas was observable, 
and the residue of FA was determined to be 0.111 mmol by ion chromatograph. 
Thus the amount of the reacted FA was as follows: 
𝑛𝐹𝐴 =
2.2001 + 2.7498 + 1.9310 + 2.3385 + 2.1102
46.03
× 1000 × 98% − 0.111
= 241.10 𝑚𝑚𝑜𝑙 
Thus, 
𝑇𝑂𝑁 =
241.10×1000
0.1
= 2,411,000 ≈ 2,400,000. 
4.4.3 Calculation of TON and TOF 
TON was calculated according to eqn. 4.2. No blank reaction was observed with-
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out catalyst. The solvent and water vapor was neglected.  
TON = 
𝑉𝑡𝑜𝑡𝑎𝑙
2 ∗ 𝑉𝑚,20𝑜𝐶
𝑛𝑐𝑎𝑡
                       (4.2) 
Calculation of 𝑉𝑚,𝐻2,20𝑜𝐶 was carried out using van der Waals eqn. 4.3. 
𝑉𝑚,𝐻2,20𝑜𝐶 =  
𝑅𝑇
𝑝
+ 𝑏 −  
𝑎
𝑅𝑇
= 24.16 𝐿 ∙ 𝑚𝑜𝑙−1  ≈ 24 𝐿 ∙ 𝑚𝑜𝑙−1     (4.3) 
R: 8.3145 m³ Pa mol
-1
 K
-1
 
T: 298.15 K 
p: 101325 Pa 
b: 26.7·10
-6
 m
3
·mol
-1
 
a: 2.49·10
-10
·Pa·m
3
·mol
-2 
Calculation of 𝑉𝑚,𝐶𝑂2,20𝑜𝐶 was carried out using van der Waals eqn. 4.4. 
𝑉𝑚,𝐻2,20𝑜𝐶 =  
𝑅𝑇
𝑝
+ 𝑏 −  
𝑎
𝑅𝑇
= 24.10 𝐿 ∙ 𝑚𝑜𝑙−1  ≈ 24 𝐿 ∙ 𝑚𝑜𝑙−1      (4.4) 
R: 8.3145 m³ Pa mol
-1
 K
-1
 
T: 298.15 K 
p: 101325 
a: 36.5·10
-10
·Pa·m³·mol
-2
 
b: 42.7·10
-6
m³·mol
-1
 
The TOF calculation is time related (h
-1
) based on the TON calculation. For 
example, at 90 
oC, using 0.002 mol % (1.0 μmol) complex 11 in 5.0 M aqueous 
solution of FA, 130 mL gas was released in the first 20 s, thus， 
TOF = 
130
2 ∗ 24
0.001
×
3600
20
 = 487,500 h
-1
                   
4.4 Gas composition analysis 
A GC with a TCD and a FID detector equipped with a methaniser confirmed the 
products of FA decomposition were H2 and CO2 with no detectable level of CO. 
The molar ratio of H2 and CO2 was measured to be approximate 1:1 after calibra-
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tion (twice, experimental error less than 4%). Since we used the water replace-
ment method to quantify the amount of H2, the gas composition after water ab-
sorption was also tested. The amounts of H2 and CO2 were approximately equal 
because most of our reactions finished within 20 minutes, a short time insufficient 
for considerable amounts of CO2 to be absorbed by tap water especially when 
considering the TOF measurement (within the initial 2 min). 
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Chapter 5 Iodide-Promoted Dehydrogenation of FA on a 
Rhodium Complex 
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5.1 Introduction 
As discussed previously, hydrogen generation from FA has attracted much atten-
tion in recent years. This chemistry could provide a technology for hydrogen sup-
ply for e.g. small mobile or stationary applications. Accordingly studies into cata-
lytic dehydrogenation of FA have been carried out by a number of research groups, 
with some reporting excellent TOFs. In the arena of homogeneous catalysis, the 
highest TOF of 487500 h
-1
 was obtained using the Ir-N,N’ diimine complex which 
was discussed in Chapter 4.
[185]
 However most of the reported catalysts consist of 
relatively complicated or expensive bidentate/tridentate ligands along with the 
metal center, although they can be highly active in the dehydrogenation. Consid-
ering the practicality of the FA dehydrogenation in real life, developing efficient 
catalyst systems without using complicated or delicate ligands would be prefera-
ble for FA dehydrogenation. 
Halide ions, one of the most common and simplest additives and ancillary lig-
ands for transition metal complex catalysts, have frequently been found to exert 
some unusual influence on catalytic reactions.
[186, 187]
 In particular, the significant 
promoting effect of the iodide anion in hydrogenation and transfer hydrogenation 
reactions has been recognized.
[187-190]
 Although the mechanistic details of the io-
dide effect on these reactions remain unclear, its softness, trans effect and size 
may play a role. Xiao’s group has reported the precatalyst [RhCp*Cl2]2 to catalyze 
the transfer hydrogenation of N-heterocycles with the FT azeotrope in the pres-
ence of halide ions and particularly iodide.
[188]
 The hydrogen is derived from the 
decomposition of FA, showing that the [RhCp*Cl2]2–X
-
 combination is capable of 
FA dehydrogenation. Therefore in this chapter, the dehydrogenation of 
HCO2H/NEt3 with [RhCp*Cl2]2 was investigated, including especially the effect 
of I
-
. 
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5.2 [RhCp*Cl2]2 Catalyzed FA Dehydrogenation  
5.2.1 FA dehydrogenation in the presence of additives 
The [RhCp*Cl2]2 catalyzed FA dehydrogenation was examined in the absence or 
presence of halide anions at 60 °C in the FT azeotrope, where the F/T molar ratio 
is 2.5. The amount of evolved gas was determined by water displacement method, 
and GC confirmed the products to be H2 and CO2 (1:1 ratio) with negligible level 
of CO (Appendix, Scheme D.1). As shown in Table 5.1 and Scheme 5.1, both the 
TOF and TON are increased on the addition of potassium halides, with KI ena-
bling the fastest reaction. In its presence the initial TOF increased most signifi-
cantly to 4375 h
-1
 from 625 h
-1
 in its absence. Comparing the TOF values obtained 
with KI, NaI and LiI, it can be concluded that this activity enhancement arises 
from the halide anions rather than the alkali cations. In addition, the presence of I
-
 
makes this catalyst more productive, increasing the TON from 151 to 706 (at 40% 
FA conversion, Table 5.1, entries 1, 5) after 30 min. 
Table 5.1 Dehydrogenation of FA in the presence of different alkali halide salts
a
 
Entry Addative Gas amount (mL)
b
 TON (30 min)
b
 Con. TOFmax(h
-1
)
c
 
1 - 66 151 9 % 625 
2 KF 62 142 8 % 875 
3 KCl 134 307 17 % 1625 
4 KBr 129 296 17 % 2009 
5 KI 308 706 40 % 4375 
6 NaI 305 699 40 % 4375 
7 LiI 292 669 38 % 4250 
a: 
General reaction conditions: 5.0 μmol of [RhCp*Cl2]2, 1.0 mmol of alkali halide, 1.5 mL of 
FT azeotrope, at 60 °C. Approximately 16 mmol of FA is included in 1.5 mL FT azeotrope. 
b:
 
The amount of gas and TON were recorded and calculated after 30 min reaction. 
c:
 TOFmax 
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was calculated based on the volume of evolved gas from 3 to 6 min after the reaction had 
started to rule out the influence of temperature fluctuation due to the injection of FT solution 
and to avoid the initial induction period (See Figure 5.1). Each reaction was repeated at least 
twice with an error less than 5%. No reaction was observed without catalyst. 
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Scheme 5.1 Time course of gas evolution during the dehydrogenation of FA. 
Reaction conditions: 5.0 μmol of [RhCp*Cl2]2, 1.0 mmol of inorganic salts (6 mol%), 1.5 mL 
of FT azeotropic solution, at 60 °C. 
Other rhodium complexes as well as those based on iridium and ruthenium 
were also investigated as catalyst precursors in combination with I
-
 for FA dehy-
drogenation (Appendix, Table D.1). All the complexes tested showed very low 
activity, except for [Ru(p-cymene)Cl2]2, which gave a moderate TOF of 1500 h
-1
. 
This value is 6 times higher than that of the reaction without I
-
 (Appendix, Table 
D.1, entries 2-3), indicating that the promoting effect of I
-
 is not limited to 
[RhCp*Cl2]2. 
5.2.2 Kinetics of FA dehydrogenation 
To gain an understanding of the dehydrogenation reaction, the rate dependence on 
temperature, catalyst concentration, KI amount and FA/triethylamine (TEA) ratio 
were investigated. The reaction rate increases with temperature, and the tempera-
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ture dependence of the initial rates follows the Arrhenius equation (Scheme 5.2). 
The apparent activation energy (Ea) for the FA dehydrogenation is estimated to be 
ca 64 kJ mol
-1
, which is near the typical range of noble metal catalyzed hydrogen 
generation from FA in aqueous solution.
[125, 128, 185] 
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Scheme 5.2 (a) Time course of gas evolution during the dehydrogenation of FA at 30 
o
C to 80 
o
C; (b) Arrhenius plot of initial rate for FA dehydrogenation. 
Reaction conditions: 5.0 μmol of [RhCp*Cl2]2 and 1.0 mmol of KI in 1.5 mL of FT azeotrope 
at temperatures from 30 
o
C
 
to 80 
o
C; The initial rate refers to the fastest rate obtained right 
after the short induction period. Thus the Ea value derived here is only an estimation of acti-
vation energy because logr is used instead of logk. 
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The rate dependence on catalyst concentration [Rh] was explored using 0.1 ~ 
5.0 μmol of [RhCp*Cl2]2 in combination with 500 μmol of KI in 1.5 mL of FT 
azeotrope at 60 °C (Appendix, Scheme D.2). The double logarithmic plot of the 
initial rate against the catalyst concentration shows a linear dependence on the [Rh] 
(Scheme 5.3). As can be seen, the reaction proceeds with an order of 0.90 with 
respect to the catalyst concentration [Rh], which is close to 1.0. This is consistent 
with a mononuclear rhodium species being involved in the catalytic cycle (also 
see below), and no other polymeric compounds are likely to be the active catalyst. 
Beyond the [Rh] concentration of 1.07 mM, the initial TOF declines gradually 
(Appendix, Scheme D.2b). This may result from catalyst aggregation at a higher 
concentration (vide infra).     
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Scheme 5.3 Plot of ln(initial rate of H2 evolution) versus ln[Rh] ([Rh] means rhodium 
monomer concentration). 
Conditons: 0.1 ~ 5.0 μmol of [RhCp*Cl2]2, 500 μmol of KI, 1.5 mL of FT azeotrope, at 60 °C. 
The rate dependence on the concentration of KI was investigated using 0.8 
μmol of [RhCp*Cl2]2 with 40 ~ 500 μmol of KI in 1.5 mL of FT azeotrope (Ap-
pendix, Scheme D.3). The reaction rate shows a fraction order of 0.68 on iodide 
concentration, up to [KI] ≈ 0.1 M (nKI = 160 μmol) (Scheme 5.4). This result in-
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dicates that the iodide ion is likely to be involved in the rate-determining step 
(RDS) and equibliria prior to it. 
-3 -2 -1
1.2
1.6
2.0
2.4
 
 
L
n
(i
n
it
ia
l 
ra
te
)
Ln[KI]
y = 0.6817x + 3.741
R
2
 = 0.9835
 
Scheme 5.4 Plot of Ln(initial rate of H2 evolution) versus ln[KI].  
Conditions: 0.8 μmol of [RhCp*Cl2]2, 40 ~ 500 μmol of KI, 1.5 mL of FT azeotrope, at 60 °C. 
With different FA/TEA ratios, the time course of gas evolution was recorded as 
shown in Scheme 5.5a. The FT mixture solutions were prepared with the molar 
ratio of FA/TEA in the range of 2.25:1 to 3:1. Scheme 5.5b shows the variation of 
the initial TOF and TON with the FA molar fraction in the starting solution. As 
can be seen, the final TONs increase approximately linearly with increasing FA 
amount (arrow line). In contrast, the initial TOFs show a reverse dependence on 
the FA molar fraction, with more FA giving rise to lower TOFs. Since [HCOO
-
] is 
reversely proportional to [HCOOH] in the FA/TEA mixture, the reverse 
dependence suggests that the dehydrogenation rate depends on [HCOO
-
]. In line 
with this, no gas bubble was observed in neat FA and no Rh-H species was 
detected in neat FA either (Appendix, Scheme D.4). These observations appear to 
indicate that the dehydrogenation is rate-limited by the step of hydride formation, 
where coordination of the formate is necessary. 
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Scheme 5.5 (a) Time course of gas evolution during the dehydrogenation of FA in FT solution 
with different F/T ratio: 0.8 μmol of [RhCp*Cl2]2, 320.0 μmol of KI, 1.5 mL of FT solution 
with the mole ratio of FA/TEA in the range from 2.25:1 to 3:1, at 60 
o
C. Each reaction was 
repeated twice. The blue -▲- line represents FA dehydrogenation conducted in FT azeotropic 
solution and the blue -▼- line represents reaction conducted in physically mixed FT solution 
(2.5:1). (b) TON and TOF values observed in FT solutions with different FA/TEA ratios. TON 
was measured using the final gas amount as shown in (a), from 20 to 50 min. The TOF was 
calculated based on the volume of evolved gas from 3 to 6 min after the reaction had started 
to rule out the influence of temperature fluctuation due to the injection of FT solution and to 
avoid the initial induction period. 
In addition to TEA, other amines were also tested for the reaction as shown in 
Scheme 5.6 (the pKa value of the amines are listed in Appendix, Table D.2). 
Tertiary amines show superior reactivity compared with primary and secondary 
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amines. This may result from the latter two types of amines being better hydrogen 
bond donors, reducing the concentration of free iodide ions needed for higher 
dehydrogenation rates (vide supra). 
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Scheme 5.6 FA dehydrogenation using various amines: 0.8 μmol of [RhCp*Cl2]2, 320 μmol 
of KI, 1.5 mL of FA/amine (2.5:1) solution, at 60 
o
C. 
5.2.3 The structure of active catalysts 
Effort was then made to investigate the role of I
-
 in this reaction. Firstly, a contrast 
experiment was conducted using [RhCp*Cl2]2 and [RhCp*I2]2 as catalyst 
precursors. As shown in Scheme 5.7, without KI, the FA dehydrogenation rates for 
both rhodium complexes are low and essentially identical. When KI is added, both 
reactions are accelerated considerably and to a similar extent. These findings rule 
out the possibility of the iodide effect arising from the iodide-ligated rhodium 
dimer [RhCp*I2]2, and suggest that the same active catalyst is generated in the 
presence of I
-
 regardless of which rhodium precursor is used. The necessity for a 
large excess of coordinating I
-
 also indicates that the active catalyst is less likely 
to be other forms of dimeric Cp*Rh(III)-I species. It is noted that replacing KI 
with the same amount of KCl has only an insignificant effect on the 
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dehydrogenation catalyzed by [Cp*RhI2]2 (Appendix, Scheme D.5). 
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Scheme 5.7 FA dehydrogenation using [RhCp*Cl2]2 and [RhCp*I2]2: 5.0 μmol of [RhCp*X2]2, 
1 mmol of KI when added, 1.5 mL of FT azeotrope, 60 °C.
[191]
 
The FA dehydrogenation with [RhCp*Cl2]2 at room temperature in the absence 
or presence of I
-
 was monitored by 
1
H NMR spectroscopy over a period of 72 h 
(Appendix, Scheme D.6; for details see the experimental section). Comparing 
Scheme D.6a and D.6b (Appendix) shows that the FA (indicated by the formate 
proton signal) was consumed to a greater extent after 72 h in the presence of I
-
 
(54 % vs. 18 % FA conversion), which is consistent with the results from Figure 
5.1. The hydride part (-5 ~ -22 ppm) of Scheme D.6 is enlarged and shown as 
Scheme 5.8 here. Without KI (Scheme 5.8a), a Rh-H hydride triplet at -8.87 ppm 
along with a new chemical shift at 1.90 ppm (Cp* proton, Appendix, Scheme 
D.6e) appeared instantly (less than 5 min) upon mixing the rhodium precursor 
with FT azeotrope in CDCl3, indicating quick formation of a binuclear rhodium 
species with a bridging hydride.
[192]
 Other rhodium species bearing bridging 
hydride ligands started to appear later (-11.71 and -20.39 ppm). In the presence of 
KI (Scheme 5.8b), the NMR spectra show that similar rhodium species are formed 
quickly in addition to a new peak at -8.85 ppm, which overlaps with a slightly 
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smaller peak centred at -8.87 ppm (Appendix, Scheme D.6g). The latter 
presumably arises from the same species as the one in the absence of the iodide. 
However, the peak at -11.72 ppm disappeared after 5 h while the one at -8.85 ppm 
disappeared after 24 h, accompanied with the appearance of new, unknown 
rhodium species with bridging hydride.  
 
 
Scheme 5.8 
1
H NMR spectra of [RhCp*Cl2]2 reacting with FT azeotrope in CDCl3 (hydride 
part): (a) without KI; (b) in the presence of KI (250 μmol).  
General conditions: 5.0 μmol of [RhCp*Cl2]2, 0.1 mL of FT azeotrope, room temperature. 
Timing started after the injection of FT solution. 
It is also worth noting that there is no visible doublet hydride resonance during 
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the catalytic reaction, again indicating that the dehydrogenation is likely to be 
turnover-limited by the step of hydride formation. Since gas evolution was 
observed over the entire period of 72 h in both cases, the disappearance of the 
triplets mentioned is consistent with the corresponding binuclear rhodium species 
being not active catalyst. 
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Scheme 5.9 Mass spectrometry of [RhCp*Cl2]2 reacting with FT azeotrope in methanol.  
Conditions: 1.6 μmol of [RhCp*Cl2]2, 0.2 mL of FT azeotrope, 1.0 mL of methanol, room 
temperature. Upper: without KI; lower: 120 μmol of KI. 
Mass spectrometry was then employed in an attempt to identify these rhodium 
species. Scheme 5.9 shows the mass fragment of [RhCp*Cl2]2 reacting with the 
FT azeotrope in methanol within 5 min after the reaction had started (see Appen-
dix, Scheme D.7 for full spectrogram). In the absence of KI, the mass peak at m/z 
557.0228 can be ascribed to [Rh2Cp*2Cl(H)(OCHO)]
+
 (d, Scheme 5.10, vide 
infra), a rhodium dimer complex containing a bridging hydride and a bridging 
formato ligand (
1
H NMR: 7.39 ppm).
[193, 194] 
When KI was added, the newly 
generated mass peak at m/z 648.9554 supports the formation of 
[Rh2Cp*2I(H)(OCHO)]
+
 (D, Scheme 5.10),
[195]
 an analogue of d, while the one at 
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m/z 730.8639 may correspond to [Rh2Cp*2(H)I2]
+
 (E, Scheme 5.10).
[196]
 Each of 
these species is expected to display a triplet hydride signal in their
 1
H NMR 
spectra and thus appears to correspond well to those revealed in Scheme 5.8. 
5.2.4 Proposed reaction mechanism 
 
Scheme 5.10 Plausible reaction mechanism for the dehydrogenation of FA using [RhCp*Cl2]2 
in the absence (1) or presence (2) of I
-
. 
Taken together, a plausible reaction mechanism is tentatively suggested for the 
[RhCp*Cl2]2 catalysed dehydrogenation of FA (Scheme 5.10). With or without KI, 
the dimeric [RhCp*Cl2]2 firstly dissociates under the reaction conditions, turning 
into the catalytically active monomeric rhodium species a in the absence of I
-
 and 
C in its presence.
[197]
 The latter is in fast equilibrium with the formato A, the iodo 
analogue of a. Subsequently, the rhodium hydrides b and B are formed from a and 
A via decarboxylation, protonation of which releases H2 and regenerates the 
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active catalysts. 
During the catalytic turnover, the spectator dimeric species d, D and E 
containing bridging hydride are formed upon dimerization of the monomers in the 
catalytic cycle. As the reaction progresses, other unknown rhodium species are 
formed as shown by the 
1
H NMR in Schdme 5.8. These species are not considered 
as reactive species. However, they may be in fast equilibrium with the 
catalytically active monomers; otherwise the catalyst would deactivate quickly.
[193] 
As indicated above, the overall dehydrogenation is likely to be controlled by the 
step of hydride formation in turnover.
[198, 199]
 Thus, the promoting effect of iodide 
can be ascribed to decarboxylation from A being easier than from a, which in turn 
may be due to the iodide being a better ligand to the Rh(III) than the chloride.
[200]
 
Since the decarboxylation could proceed via a transition state involving 
dissociation of the formate to form an ion pair,
[117, 121, 199, 201, 202]
 a better 
coordinating iodide anion would be expected to stabilise better the transition state 
that contains a positively charged Rh(III). However, excess iodide will shift the 
equilibrium between C and A to favour C, thereby giving rise to the saturation 
kinetics seen above (Scheme 5.4). 
5.2.5 Catalytic stability test 
The stability of this catalyst system for FA dehydrogenation was also investigated. 
During a single FA decomposition reaction using 5.0 μmol of [RhCp*Cl2]2 and 1.0 
mmol of KI in 1.5 mL of FT azeotrope at 60 
o
C, the catalyst is observed to lose 
activity eventually (at con. < 50%, Scheme 5.1), and gas evolution could not be 
fully recovered with the addition of either formic acid or FT azeotrope (Appendix, 
Scheme D.8). This could be caused by the irreversible formation of some 
deactivated rhodium hydride species as a result of the consumption of FA (Ap-
pendix, Scheme D.9). Nevertheless, the addition of KI prolongs the life time 
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(TON) of the catalytic system; in its absence, the catalyst is of low activity right 
from the beginning (Scheme 5.7). One way to keep this reaction going is to add an 
additional amount of FA into the system at certain time intervals. This is shown in 
Scheme 5.11, where more than 1000 mL of H2 were released upon seven 
consecutive additions of FA, although the dehydrogenation rate became slower 
progressively. Thus the TON was enhanced from 706 (Table 5.1) to over 2540. 
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Scheme 5.11 Longer time reaction with intermittent addition of FA. 
Conditions: 5.0 μmol of [RhCp*Cl2]2, 1.0 mmol of KI, 1.5 mL of FT azeotrope, 60 
o
C. The 
amount of FA added was roughly based on the amount of evolved gas, 0.12 mL, 0.12 mL, 
0.12 mL, 0.12 mL, 0.12 mL, 0.15 mL, 0.15 mL. 
5.3 Summary 
In this chapter, the FA dehydrogenation catalysed by a simple, commercially 
readily available rhodium catalyst, [RhCp*Cl2]2, is studied and the catalytic 
activity is found to be enhanced by the addition of halide ions. The catalytic 
activity increases with the atomic number of halide ions, and with I
-
 the activity is 
increased 7 folds. Not only does the iodide ion increase the reaction rate, it also 
prolongs the catalyst lifetime. Kinetic studies and NMR monitoring suggest the 
active catalyst to be mononuclear in equilibrium with binuclear hydrides outside 
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of the catalytic cycle. The catalytic turnover appears to be controlled by the rate of 
hydride formation, which is facilitated by iodide anions coordinated to the Rh(III) 
center. 
5.4 Experimental Section 
5.4.1 General information 
Instruments: Details have been given in Chapter 2, 3 and 4. 
Chemicals: [RhCp*Cl2]2, formic acid, triethylamine (TEA), 1-methylpiperidine, 
piperidine, dibutylamine, octylamine, and cyclohexylamine were purchased from 
Aldrich. A second bottle of [RhCp*Cl2]2 was purchased from Energy Chemical. 
KF, KCl, KBr, KI, NaI, and LiI were purchased from Fisher. [RuCl2(p-cymene)]2 
was purchased from Alfa Aesar. RhCl3•xH2O and [Rh(OAc)2]2 were purchased 
from Shanxi Kaida Chemical Engineering Co. Ltd. [IrCp*Cl2]2, [Rh(nbd)2]BF4,  
[Rh(cod)2]BF4, and [Rh(cod)Cl]2 were purchased from J&K. FT azeotrope was 
distilled and stocked under argon. 
5.4.2 Synthesis and characterization of ligands and complexes 
[RhCp*I2]2 was prepared by referring to the literature.
[203]
 A suspension of 
[RhCp*Cl2]2 (0.1 mmol, 61.8 mg) and NaI (1.0 mmol, 149.9 mg) in acetone (30 
mL) was refluxed under argon overnight and the solvent was then evaporated. The 
residual was dissolved in dichloromethane (DCM) and filtered. Dark violet crys-
tals were obtained after recrystallization from DCM/petroleum ether. 
1
H NMR 
(400 MHz, CDCl3) δ (ppm) = 1.99 (s, 30H). 
5.4.3 In situ 
1
H NMR analysis 
The identification of intermediate d is based on a reported rhodium dimer com-
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plex:
[192]
 
1
H NMR (400 MHz, CDCl3): δ (ppm) = -8.87 (t, JRhH = 26.8 Hz, 
Rh-H-Rh), 1.90 (s, C5Me5), 7.39 (t, JHH = 3.2 Hz, HCO2). MS (ESI, m/z): 557.0 
([M]
+
).  
D is identified as a structure analogue of d: 
1
H NMR (400 MHz, CDCl3): δ 
(ppm) = -8.85 (t, JRhH = 30.4 Hz, Rh-H-Rh), 1.89 (s, C5Me5), 7.07 (t, JHH = 3.2 Hz, 
HCO2). MS (ESI, m/z): 648.9 ([M]
+
). 
The structure of E is speculated based on the following data: 
1
H NMR (400 
MHz, CDCl3): δ (ppm) = -11.72 (t, JRhH = 32.8 Hz, Rh-H-Rh), 1.96 (s, C5Me5). 
MS (ESI, m/z): 730.9 ([M]
+
). 
During the in-situ 
1
H NMR test, various rhodium hydrides were observed with 
the prolonged reaction time or addition of more FA. It is difficult to assign these 
hydrido proton peaks, because they may be one (several) of or a mixture of all 
those unknown intermediates (various bridging H mode) which were formed due 
to the lack of H
+
 gradually. Meanwhile it explains the importance of maintaining 
the FT ratio during the long time reaction. 
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6.1 Conclusions 
This thesis describes efforts made to tackle the challenges in homogeneous hy-
drogenation of CO2 to formate/formic acid and formic acid dehydrogenation. 
From the previous chapters, we can see that problems were identified in this area 
and new solutions were discovered out of our research. Scheme 6.1 gives a sum-
mary of the research covered in this thesis.  
Scheme 6.1 Summary of the research of the thesis 
(1) Cyclometallated Ir-N^C complexes and Ir-N,N’ diimine complexes have been 
developed and found to be effective for the hydrogenation of CO2 to 
FA/formate and for FA dehydrogenation. These results not only extend the 
ligand scope for this transformation, which previously was concentrated on 
the phosphine ligands, pincer ligands and aromatic N,N’ ligands, but also pro-
vide potential catalysts for hydrogen storage via CO2 cycling. 
(2) From the view point of atom economy and green chemistry, this thesis has 
accomplished the base-free aqueous hydrogenation of CO2 to FA and FA de-
hydrogenation under mild conditions. 
(3) Chapter 2 and Chapter 4 described the detailed mechanism study on CO2 hy-
drogenation and FA dehydrogenation, which to some extent reveals the role of 
solvent (H2O)/additive (I
-
) playing in the reactions. 
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6.2 Deficiencies 
Apart from the achievements summed up above, there are several non-negligible 
deficiencies in this thesis and much more work need to be done considering the 
following points: 
(1) Chapter 2 should have studied more ligands and more details of the mecha-
nism for a better understanding of the ligand structure influence on the cata-
lytic activity. 
(2) Water has been found to play an important role in the hydrogenation of CO2 
reaction described in Chapters 2 and 3; however it hasn’t been explained 
clearly. 
(3) The water-soluble cyclometallated Ir-N^C complex hasn’t been obtained in 
this thesis, which is expected to be effective towards the hydrogenation of CO2 
and FA dehydrogenation in water. 
6.3 Perspectives 
From the viewpoint of catalyst design, both the cyclometallated Ir-N^C com-
plexes and the Ir-N,N’ diimine complexes are worth further studying in terms of 
electronic property and hydrophilicity, e.g. via changing the substituents on the 
ligand ring or synthesizing the acyclic ligands. 
Besides FA, methanol as another product of CO2 hydrogenation is also of im-
portant industrial value. FA is usually the intermediate product for homogeneous 
hydrogenation of CO2 to methanol. Thus with these highly efficient iridium cata-
lysts, methanol could be possibly produced via catalyst integration. Similarly, 
other chemicals like formamide may also be obtained through this strategy. 
These two types of iridium complexes may find themselves useful for other hy-
drogenation/dehydrogenation reactions, such as the reduction of esters or C=N 
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bonds etc., through the Ir-H hydride generated in situ. Functionalized with chiral 
groups, these complexes may even be effective for asymmetric hydrogenation. 
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Appendixes 
Appendix A 
 
Scheme A.1 Detection of HCOOK and the determination of product amount with 
1
H NMR. 
Reaction conditions: complex 3 (3.0 μmol), 1.0 M KOH MeOH solution (10.0 mL), 4.5 MPa 
CO2/H2 (1:2), 80 
o
C, 16h. 
 
Scheme A.2 
1
H NMR spectrum (400 MHz, D2O) of reaction mixture 
Reaction conditions: complex 8 (0.2 μmol), 1.0 M KOH/MeOH/H2O (1:1) solution (10.0 mL), 
5.0 MPa CO2/H2 (1:1), 40 
o
C, 1 h. 
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Appendix B 
 
Scheme B.1 CO2 hydrogenation product detection with 
1
H NMR 
Reaction conditions: complex 12 (0.25 μmol), H2O (10.0 mL), CO2/H2 = 1/1 (5.0 MPa), 40 
o
C, 
30 min. 
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Scheme B.2 Product detection of CO2 hydrogenation (H2) performed in H2O (a) and D2O (b). 
Reaction conditions: complex 12 (0.25 μmol), 0.01 mmol of DSS (internal standard), H2O or 
D2O (10.0 mL), CO2/H2 = 1/1 (2.0 MPa); at 40 
o
C, 30 min. After reaction was cooled down in 
ice water, the autoclave was unsealed and 0.2 mmol of Na2CO3 was added into the solution. 
0.5 mL of the product solution was taken out and submitted to the NMR machine.  
 
Scheme B.3 
1
H NMR spectra of complex 13 in the presence of PPh3: the generation of new 
species indicates that the coordination of PPh3 occurred. 
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Scheme B.4 Reaction of complex 12 with H2 (1.5 MPa) in CD3OD/H2O (0.1 mL CD3OD + 
0.03 mLH2O) was tracked in Wilmad thick-wall NMR tube: Ir-H signal at δ = -12.09 ppm 
appeared within 5 min. 
 
Scheme B.5 Reaction of complex 12 with H2/CO2 (1:1, total 1.2 MPa) in CD3OD/H2O (0.1 
mL+ 0.03 mL) was tracked: Ir-H signal at δ = -12.09 ppm and H-COOH signal at δ = 8.19 
ppm appeared within 5 min. 
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Scheme B.6 Reaction of complex 12 with H2/CO2 (1:1, total 1.2 MPa) in D2O/H2O (0.05 mL 
+ 0.15 mL) was tracked in Wilmad thick-wall NMR tube 
 
Scheme B.7 Detection of NH protons on complex 12 and the disappearance of NH protons 
with the addition of base in water by 
1
H NMR at room temperature: H2O/D2O (0.2 mL + 0.3 
mL); Na2CO3 (1.1 eqv.) 
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Scheme B.8 Detection of NH protons on complex 12 and the disappearance of NH protons 
with the addition of base in CDCl3 by 
1
H NMR at room temperature: NaO
t
Bu (2.2 eqv.). 
 
Scheme B.9 Detection of Ir-H and HCOO
-
 with complex 12 under H2/CO2 bubbling in the 
presence of base at room temperature: 10.0 μmol of complex 12, 20.0 mg NaOH, 0.4 mL D2O 
+ 0.1 mL H2O. 
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Appendix C 
Table C.1 Dehydrogenation of FA in water with in situ formed catalyst from [IrCp*Cl2]2 and 
N,N’ ligands
a 
 
Entry Ligand TOFinitial (h
-1
)
b 
H2
 
(mL)
c
 TON
d
 
1 L13
e
 0 4 167 
2 L15 12188 82.5 3438 
3 L16
e 
0 1 42 
4 L17 43750 204 8500 
5 L18 31250 178 7438 
6 L19 0 3.5 146 
a:
 [IrCp*Cl2]2 (0.5 μmol), L (5.0 μmol), HCO2H (1.0 M, 10.0 mL), 60 
o
C; 
b:
 TOF was calcu-
lated in the first 2 minutes; 
c:
 Volume of H2 evolved was recorded at 20 minutes; 
d:
 TON was 
calculated based on the H2 amount; 
e: 
Good-quality complex may not be formed due to the 
insolubility of ligands in water. 
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Scheme C.1 (a) Composition analysis of the evolved gas mixture by GC: 1.0 μmol of com-
plex, FA (1.0 M, 10.0 mL), 60 
o
C. (b) Detection limit for CO by GC 
CO2 
CO CO2 
Sample 
Reference 
10 ppm CO 
Sample 
H2 
O2/N2 
(a) 
Sample 
(b) 
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Scheme C.2 (a) The UV-Vis absorption spectra of complex 11 measured at pH varied from 2 
to 13; (b) Absorbance at 287.9 nm, 304.5 nm, 314.8 nm, 372 nm, 407 nm, 473.2 nm and 612 
nm as a function of pH. 
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Scheme C.3 
1
H-NMR spectra of (a) HCO2Na in D2O (red line, bottom); (b) complex 11 was 
added to HCO2Na in D2O (green line); (c) complex 11 and HCO2Na in D2O after 72 h (blue 
line); (d) Hydrogen chloride acid (HCl) was added to the mixture of complex 11 and HCO2Na 
in D2O after 72 h (purple line, upper). 
 
Scheme C.4 
1
H-NMR spectra of HCO2H in D2O (red line, bottom), complex 11 in D2O be-
fore (green line, middle)) and after (blue line, upper) reaction with HCO2H. 
NMR test procedure: First, 4.0 mg of complex 11, 0.2 mL H2O and 1.0 mL D2O were mixed 
together in an NMR tube to obtain the green line in Figure C.4. Subsequently, 10.0 μL 
HCO2H was added, and the reaction was held at 80 °C for approximate 1 min until the bub-
bling stopped. The NMR tube was quickly sealed and submitted to obtain the blue line.  
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Appendix D 
 
 
Scheme D.1 Composition analysis of the evolved gas mixture by GC using TCD and FID 
detector and the detection limit for CO 
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Table D.1 FA dehydrogenation using different catalyst precursors in combination with KI
a
 
 
Entry Precatalyst 
TOFmax
b
 
/h
-1
 
Volume of H2
c 
/mL 
TON
c
 
Con. 
(%) 
1 [RhCp*Cl2]2 4375 144 600 37.5 
2 [RuCl2(p-cymene)]2 1500 50 208 13.0 
3
d
 [RuCl2(p-cymene)]2 250 14 58 3.6 
4 RhCl3•xH2O 188 12 50 3.1 
5 Rh(NBD)2BF4 25 2 8 0.5 
6
e 
[Rh(COD)2]BF4 42 2 8 0.5 
7
f
 [IrCp*Cl2]2 125 7 29 1.8 
8 [Rh(COD)Cl]2 25 1.5 6 0.4 
9
 
[Rh(OAc2)]2 0 0 0 0 
a: 
Reaction conditions: 10.0 μmol of Rh or Ir (monomer), 1.0 mmol of KI, 1.5 mL of FT azeo-
trope, at 60 
o
C; 
b: 
Turnover frequencies were determined at the fastest reaction time interval, 
usually from 6 min to 10 min after reaction had started; 
c: 
Hydrogen volume was measured 
after 20 min, and TON was calculated in the same time zone; 
d: 
Reaction without KI; 
e: 
TON 
was measured after 30 min; 
f:
TON was measured after 25 min. 
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Scheme D.2 (a) Time course of gas evolution during the dehydrogenation of FA with different 
catalyst amount; (b) Initial TOFs at different catalyst concentrations. 
Reaction conditions: 0.1 ~ 5.0 μmol of [RhCp*Cl2]2, 500 μmol of KI, 1.5 mL of FT azeotrope, 
at 60 
o
C. 
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Scheme D.3 Time course of gas evolution during the dehydrogenation of FA with different KI 
amount: 0.8 μmol of [RhCp*Cl2]2, 0 ~ 500 μmol of KI, 1.5 mL of FT azeotrope, at 60 
o
C. 
 
Scheme D.4 
1
H NMR spectra of FA dehydrogenation in neat FA with (upper blue line) and 
without KI (lower red line): 5.0 μmol of [RhCp*Cl2]2, 250 μmol of KI, 0.1 mL of FA, 1.0 mL 
of CDCl3, at room temperature. No Rh-H hydride signal was observed in neat FA. 
  
                                                                        
144 
 
Table D.2 pKa values of the amines applied for FA dehydrogenation 
Amine pKa  
triethylamine 10.65 
3
o
 
1-methylpiperidine 10.08 
piperidine 11.22 
2
o 
dibutylamine 11.25 
octylamine 10.65 
1
o
 
cyclohexanamine 10.64 
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Scheme D.5 FA dehydrogenation using [RhCp*I2]2: 5.0 μmol of [RhCp*I2]2, 1 mmol of KI or 
KCl, 1.5 mL of FT azeotrope, at 60 °C 
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(c) 
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Scheme D.6 
1
H NMR spectra of FA dehydrogenation with and without KI: 5.0 μmol of 
[RhCp*Cl2]2, 250 μmol of KI, 0.1 mL of FT azeotrope, 1.0 mL of CDCl3, room temperature. 
(a) FA formate proton signal without KI: Con. 18% using TEA as internal standard; (b) FA 
formate proton signal in presence of KI: Con. 54% using TEA as internal standard; (c) Cp* 
proton signal in the absence of KI; (d) Cp* proton signal in the presence of KI; (e) Bridging 
formato ligand proton signal of d; (f) Bridging format ligand proton signal of D; (g) enlarge-
ment of Figure 5.8b. The time scale is the same for (a)-(f). 
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Scheme D.7 (a) & (b): Mass spectra of 1.6 μmol of [RhCp*Cl2]2 reacting with 0.2 mL of FT 
azeotrope (DCOOD vs. HCOOH) in 1.0 mL of methanol at room temperature; (c): Mass 
spectrum of 1.6 μmol of [RhCp*Cl2]2 mixed with 120 μmol of KI in 1.0 mL of methanol; (d): 
Mass spectrum of 1.6 μmol of [RhCp*Cl2]2 reacting with 0.2 mL of FT azeotrope in presence 
of 120 μmol of KI in 1.0 mL of methanol. All these spectra were obtained at room tempera-
ture. 
c. [RhCp*Cl2]2 + KI in MeOH 
d. [RhCp*Cl2]2 + KI + FT (HCOOH) in MeOH 
a. [RhCp*Cl2]2 + FT (DCOOD) in MeOH 
b. [RhCp*Cl2]2 + FT (HCOOH) in MeOH 
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Scheme D.8 (a) FA dehydrogenation with the addition of FA at the end of a reaction: 5.0 μmol 
of [RhCp*Cl2]2, 1.0 mmol of KI, 1.5 mL of FT azeotrope, at 60
 o
C. The amount of added FA 
was roughly based on the evolved gas amount. (b) FA dehydrogenation at prolonged reaction 
time using [RhCp*Cl2]2 in the presence and absence of KI under the same reaction conditions. 
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Scheme D.9 
1
H NMR spectra of the reaction residue after dehydrogenation. 
Conditions and procedure: 16.2 μmol of [RhCp*Cl2]2, 3.0 mmol of KI, 5.0 mL of FT azeo-
trope, at 60
 o
C, 24 h. After the reaction cooled down, 2 mL of water was added and the organ-
ic layer was extracted with 2 mL of dichloromethane. After evaporating the solvent, the resi-
due was submitted to NMR analysis in CDCl3. Comparing the NMR spectra with Figure 5b 
suggesting that the new rhodium hydride species at -16.22 ppm (q) and -17.74 ppm (q) could 
possibly be deactivated species. 
  
                                                                        
152 
 
A list of publications arising from the thesis: 
1. Shengmei Lu, Zhijun Wang, Jun Li, Jianliang Xiao, Can Li.* Base-free hydrogenation of 
CO2 to formic acid in water with an iridium complex bearing a N,N’-diimine ligand. 
Green Chem., 2016, 18, 4553-4558. (Chapter 3) 
2. Zhijun Wang, Sheng-Mei Lu, Jun Li, Jijie Wang, Can Li.* Unprecedentedly high 
formic acid dehydrogenation activity on an iridium complex with an N,N’-diimine 
ligand in water. Chem. Eur. J., 2015, 21, 12592-12595. (Chapter 4) 
3. Zhijun Wang, Sheng-Mei Lu, Jianjun Wu, Can Li,* Jianliang Xiao.* Io-
dide-promoted dehydrogenation of formic acid on a rhodium complex. Eur. J. Inorg. 
Chem., 2016, 4, 490-496. (Chapter 5) 
 
